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SUMMARY

This second Annual Report for the University Research Initiative program at Carnegie
Mellon University, including subcontracted research efforts at Clemson University and at the
University of California (UC), Berkeley, contains technical summaries for each of six task areas.
These are kIsted below by Task title and Task Lnvestigator(s). The individual sections in the body
of the repc* follow in this same order, and are grouped into three major parts, Processing (Tasks 1
and 2), Characterizaion (Task 3), and Properties and Performance (Tasks 4, 5 and 6). Task 2 is
being conducted at Clemson and Task 4 at UC Berkeley.

.:) I 1 Experimental Study of Processing of Composites. H. Henein, H.R. Piehler
LLZ" Modeling of Consolidation and Deformation Processing of Composites. HJ. Rack
Tag Structure and Composition of Interfaces in Composites. J.M. Howe
Task Toughness and FDatigue of Metal Matrix Composites. R.O. Ritchie
Task, Micronechanisms of High Temperature Composite Behavior. A.W. Thompson
Task. Thermal and Mechanical History Effects on Composite Properties. W.M. Garrison

The Proeini part of the report comprises three reports. The first of these, by Parent and
co-authors, addresses several issues in powder blending as a processing step for metal matrix
composites. Emphasis is being placed on fundamental understanding of the mechanisms of
blending, with account being taken of powder characteristics and operatin# and design variables,
toward a goal of using physical models to identify scale-up criteria in blending. Results have been

* concentrated on spherical particle experiments. with successful definition and measurement of a
segregation behavior diagram for binary mixtures. The second rport completing the summary for
Task 1, is by Piehler and co-authors on the subject of consoldation processing, as a natural
complement to the first part of Task 1. The primary accomplishment has been achieving
operational status for the hoe triaxial compaction apparatus, which can apply shear in addition to
hydrostatic stresses. This equipme has imprusive cabilities and has been described as unique
in the United States. Among the early goals is to test Ashby's hot isostatic pressing diagrams, and
to extend them to the conditions of superimposed shear. Completing the Processing pan is the
Task 2 report, from H. Rak, addressing several topics related to consolidation and performance
of metal matrix composites. A sub-task on interfacial modification for reinforcement phases in
metal matrix composites has yielded several important results, 1 atully for carbon fibers Two
other sub-tasks have addresed c tepefoma c, ce i mmi.m aluminides and the other in

* a model system, Inconl 718 in e with TiC perticulase

The the report, fom i. How. has focused on two objectives.
The first was to complete a of residual stains ia a mdel composit system, a SiC-whisker
reinforced almim alloy. This work has been fnihed, and the results we being submitted for
= blicaw The second objective was io continue work cn the sucte ad Ih deformation

ehaor of intrfaces a allos based on MAI and T)AL Uh the mew. and he deformaion
response o alpa-2/ fes have been stud, and' sn results have been otained
for both oree -tipd disordered hep~c ioawface.

The Ba d Adk9 lWPut Of the repo0rt Contains rotsfrom thre tasks. The
first, from R.O. Ritchie, ad..se virmaasms of critical and sub-critical cack advance in
composites. Work to dae has been carried out is model composite systete with particulate
siifornent At low fasigue crack powth rms, it was fomud tha crack hadrance or tapping
and roughness-induced crack closre occurd remlting in lower growth raes than in
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unreinforced materials. At intermediate growth rates, the composite also showed improved crack
grovth resistance, now due to crack tip bridging, a behavior which was successfully modeled.
The second report i this part is by A.W. Thompson and J.C. Williams, and has the topic of creep
and deformation of aluminide materials. A fairly complete report on creep in the Ti3Al-based alloy,
Ti-25 Al-10 Nb-3 V-1 Mo, is included. It %as found that microstructure of this alloy strongly
influenced creep behavior, and that mechanistic evidence indicated dislocation-controlled creep,
with an activation energy consistent with literarare values. This Ti-25-10-3-I alloy was more creep
resistant than near-alpha titanium alloys recently developed for creep performance. The third report
in this part, by Garrison and Symons, discusses york on thermal and mechanical history effects.
The work in this period has been on two titanium ,luminide alloys, Ti-24 Al-I INb and Ti-24- Al-
17 Nb. Mecharcal properties and thermal stability of the microstructures obtainable in these alloys
have been studied to provide guidance f:r additional work, concentrating on the three
microstructural variables.which appear to be central to the fracture mechanisms in the alloys,
namely alpha-2 plate size, volume fraction of second phase, and amount of c+a slip.
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STATEMENT OF WORK

*The progran in piv,7ess is an integrated study of composite materials having metal.
ceramic or inter'metailic matrices with particulate or fiber reinforcements. produced under
controlled and understandable conditions. characterized in detail, emphasizing interface
structu~re and comnposizion. and with measurement and mnodeling of a broad range of
mechanical properties, at ambient an elevated temperature

*T3-i. 1. Develop axperimental capability with triaxial forging; conduct powder
ble-ning exper .i--ts and apply to compacticnlforging experiments: detrmTine
experimental I itr rotation and breakage for comparison to Task 2 results:
capture experrnental understanding in frame-based expert system

T..;k 2. Cond,"t exttrnsion of exsting f inite element code to accommcdate
conpaction of powder; include porous flow effects. friction effects, and
fiber rotation anid breakage; verify experimentally,

*Task 3. Characterize structure, composition. aid bonding of interfaces
between metal, ceramic, or intermetallic matrix andl reinforceiments, at ambient
and elevated tivmperature. as functions of procesig history from Tasks I

* and 2; determin~e residua stresses and defoirmation micromechanisms in
c ompo site&.

STisk 4. Identify extrinsic toi.gtening mechanisms in fatigue and fracture of
composite materials. at ambient and elevated temrperature; develop
micromechanical modes for intrinsic .ind extrinsic contributions to cracking

* resistance, inl cooperation with Tasks 5 and &.

*Task 5. Conduct creep, fatigue. stress ruipturie and creep-faigue evaluations
on metall and interrmtalfic matrix composites. nder conditin of varyinig
stress. strain ampliox4d and temperaure identify micromecharism of failure.
integrate results into behavior models with Tasks 4 '6

*Task 6. Examirte effects of thermil and mechanical history on mectwanicall
performance of metal and mntermetallic maltrix composites. twough testing at
varying temperature and service stress condtilon characterize
mecromechainisms of deformation and fracture as a function of exposure
history; develop model descrptons of performance wMt Tasks 4 and I

0 ~in addition to these task-specific efforts, owee wil be several othe objectivesil of
worl I which involve integration a.on tasks. Some are sehown aboiveI eziplicilty; othes are
listed below.

e Determine interrelationshps among composite processing paramnleteirs.
* composite mocrostru.e kick*4in inter faciial characteristics). 4 andmechlanical

behavior, at ambient w4d elevated temperatumeri (eA taskisL

* Identify and model ftandamentl icromectwiisms of mschanical behavior, at
ambient and elevated temp~erature, in composite materials (Tasks 4-B).
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PROCESSING
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PROCESSING

The processing portion of the URI program on High-temperature Metal Matrix Composites
is being accomplished in the form of two tasks. The first task is conducted at Carnegie Mellon
University and has two parts, each with its own Investigator. The first part is under H. Henein
and addresses powder blending, particularly as it affects consolidation issues. The second part is
directed by H.R. Piehler and is concerned with deformation processing of composites, both for
fiber aod particulate reinfercements. The second task in the processing portion of the program is
being carried out at Clemson Universiry under the direction of H.J. Rack. Under a general task
title cf "Modeling of Consolidation and Deformation Processing of Composites", this task is
addressing several interrelated topics, as described on p. 91. These include modification of the
inrerface cf cormros;ite reinfe-cements for improved performance: a study of a series of Ti-Al-Nb-V
and Ti-Al-V aluminide alloys for high-temperature properties; and the first part of a study of creep
in a model composite, Inconel 718 reinforced with particulate TiC.

Task 1: "Blending of P/M Metal Matrix Composites", .O.(3. Parent,
J. Iyengar, M. Kuhni and H. Henein 9

"Deformation Processing of Composites", H.R. Piehler, D.M. Watkins,
M. Kuhni and J. Richter 57

Task 2: "High Temperature Structural Materials", HJ. Rack 91
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Blending of P/M Metal-Matrix Composites

J.o.G. Pool

J. tyngw

PA Kutwd

KL HNgb

Depsimnr of MoI~rgWc Eroww"~i and mameads Sclocs
Crngl M~6 ULh4wiy
Pittsurgh. Pennmwlvwft
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Chapter 1

* Introduction

The need to adhive reproducible resuft in toe bomaom of coinpoelle mawteal has prompted

Qonskamtle imaest In fte raiaiids rgseach 4vn.rnwrwy. Several melhoda we avellatle to produce
such materials: kqui Meta hrltralon powder metalhrgy (P/Mw) processing. fominalon ol aowposlis from
#0 " mel d uPraY dePoeilon tedwiques we Nota slew. Thme lechnlque wdof us ft "M meW n
a SW" PCW onie to provide an inexpens MOWe aei VOf U ossnW mealf o capells PAM ).
I m@Mi cases, however aim s osA poesibi corftonilnon of ftierse mase idES In ft "q

* rorrn'M as wed as ProhblVey high MeMVi point mala "~i metal teof-iue Insipropiftle. In such
cases, fte powder metallurgy roatfe provids a benwe ca a aled memie of homg r- f produat. An
Mre.e of teP/M processing rouAs W showni hiflwe 1-1.

* Thi approedI does howve own eas hilewg 'Ohimsa, The mq*weee of a wfihm drbullof of
Vie reifarenienftlsl inol s maftu , I PIK Ow pmcas~re pses - et a
miAin step, (10 adeve a prsln*wv bWen of IN oak &id reb*umenw md N4 lft d by a
,, mneoldaftn pomes kwafeig prolonged euipsin at h" i eyeaem d W sbp fk MO preemwea
VAhi sam relbtuon aof w seft=s* pawers mi our* f ailn aw oa Ald RIm dspII In ft
inkinsg e that cla aw at o wgnoes w be doomdi ed mid 4 bi I* sp ~do b ft Vie iee

0ie~ As In the cue of ewt-mt 19cla I ymmy epeso nelane 0 have two or mwm cmneutsf
posessng illm'-% mmllem pbyuled p oper 1 p - ma do not uls va memeig I ft famwi

* ~of u.om widf he a Mger p aponr1um ofa an yrtoW wr ofawo pwder. I eide to p opul

~id VWi ft wideebelf mouft wwl dsbem w pper c a61 illunm of V pwavlans idill
0"w ft bodwm Nimi og m~f wsA ho bess de i *ha4 IVte @IN as ft

* ~ pobe UW5 hai m e dem lo dsWh n I fte a ob d Wn ~ 1dE wA of* I*oww Wa. mid
I*pe #iVm $"am of MWM hi mswalk ql um

* mWk @0 a IN epImb TM $paw~ d or~ a ~n s ftfM sel& ide st ~ha at M
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Alloy or Intermetallic Atomization

Powde Clasification

Graded Matrix Powder Reinforcement

MMIC Powdr

Ig.ng

CONSODATION

fpm 1.1: Powu mtdwi ponuabig suiS (adSind fim Wl.



1. The development of a IkmdwTnental understnding of the mechenisamcaed with the
blendkig of MMC powder.

2. A said of VIe extent Vial powder chuectedsdcs. operafri and deSIgn varlabi aie the
formtation of a disperse-homogeneous MMC powder rnr.

3. Identification of toe scale-u citeria for MMC powder Wending. uskig physical modellfg
0 ~Crited.la

4. Determniaio of ttv relationshp between the quality of a blended powder ntd&we and
subsequent cnsolidation via HtPkng.

In the next year, It Is expected tha a compdohensive sMjdy at the first #Wre wO be competd An
* ~additional Isue to be addressed Is "ia of Me knrtance of ensurin a uniform mitxture at t

microscpic level. It Is not erpWK~d however, that i 110 time remnri t will be adrsaed I a

* The mWor is dMded hkSo two mi seclom, one detfig a torough enatysls of Vie Merlum I
the area of rWNlx mid segrgaion am a applis to MMC system, and a repor on the experimental
progrwrn adopled whid Inhides detals of t rells achieved to date.
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Chapter 2

Previous Work

Thereare a valiety of mrixer systems available for blending MMC powder. These rgOfrom
V-blendersw md rbbon blenr, where tii. mixing acton 13 convifcaled id therefo not easily

charactesized, to the more siple geometry of t horlzontW (and somelmes inclied) rotary bWeners
S~nce In the last cas the bed action Is retalviely wn~clatd and can be oonblroed. horizontal
cylinder we most often used In baie reserd lo detemine lundenental nftdn &Wd sere1g010n
mech~m. This Is due to tm Md tha OWe cnbun from the vokms bidmnertid nzdrg
mecharisms (to be descried late) can be conitroled in t opperls. As a result, t curient
investigaton wi ded with ft systemn exciu*iw. In order to deterrmin the besatturg point far the
curren tudy, prevous work imut be reviewed and miyzed W~hl there on hu.*ede ol paper In tMe
Iteraue deuin with the mixin md segregalon of parulsles and pow-ders ocy a smal fraclon
preeO resuib roisvu~ to intrin MUC powdes. Thus, this chapr w§ locan n amiylis of toe
petinent Utrjreto MMC powderp prosng by blendg. A reasne sUMlIgpoit isa diasail
fte type o bed mot tha cm be anooiurfred whien usin ho Inzol rotary bMedes Next t

Ilerature dealin with pure ntdng wM be exwr~idv ln by tha o d wi t wh segregalon. Finealy,
a review of t e~c of chwige in e goas -nephe wE be preeeried.

2.1 Secd 3havlor
The dsp of e bed the typ of bed motion cemain In a h-orIn tal rotwy cylie md em f

atsndu poubit low pems fo coheeImleises idet have been sd uepbrart In som
&W. S. 4 W have bee nelh ffiy lodel ed.I h a l -hsbe odI be a t o~ f
em rotlone sped ofemcybider benguseo4m mwti f wMasiWpresent withinme sze

em ybde bin ued 3 ec idd~ uudouls f rapoee of e mida as we s empubs
sOka Sk spedlo "es of bed melo hame been idehibd, these be" dWng dmsng, roling

edl g.- Ig mid mnbrVug (see Figure 2-1 .

AN lowr ruod speede or la. Frausid reuters, ft bed may undergo Opp' g moton TMi has
been disesed to be cnpsed of IVe dlersb melon, dAp A eg an ft epedle Vae of ft bed
depth or per cent OR ft vutaona speed vWM ts mnw md fth bed wa SI1cmn usgl FMU M bed
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Slipping Slumping

Rolling Cascading

CateruiangCoriugg
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may move as a whiole along with the cylinder as It rotates. At the point where the frictional forces along
the wag are eceeded (the maximum angle of repose), the entire bed slides down thes wall and comes to
rest at an angle less than the static angle, from which point the process Is repeated. Second. the bed

* may move with !he wall but at a lower rotational speed, with tie solids moN~g slowly aWong tne free surface
of the bed. Finailly, the bed may adopt a particular position along the cylinder wall where It Is observed to
slide contuusly. Since sIlpoing results !n little relativ motion between the paftlufates, tie type of bed
motion Is unclesirable as it results In lIRUi mixing. I our experimental wor, steps have been take to
ensure that there Is suffiien bedwail frcton to slilminate the poss.".y o? tMe bed slipping.

For higher bedwall frlctlon and low rpms, motion of the bed would be a skimping mode. This Is
characterized by tho bed moving up with the wall to the static asiC!. at repose, at which point a wedge of
soids separates from tie bulk of Mhe bed and rolls down the bed surface, resulting i a reduood angle of
repose. The process then repeats be I a regular mariner, Owe slumlping frequency being dependent
upon the roaIonal speed of tie cyllider, tie phyica propeles of te misel aid the cylider
dliineter.$

Further Icreases I the speed result I a transition to the roiing md.The bed I this phase of

motion Is chiaracteized by the continuous motion of the solids over the bed surface. At low rotational
speeds, fte bed has a flat surface aid adopts a constant angle of Iintion, kown a the dynaic
angle of repose. At higher speeds the scudst In fte upper corner of tie bed ride farther up the cylinder
wal bekwo detling, resulting in a Ndney-shieda bed cross-aection. At thi point tie bed Its akd to be
I a cocaftn mode. It Is tis mode hI s genrdaly associated with tie beet mixing, as tie
parilaaes am sub*eWe to the nxima slewing aciwi wV*i the bed*~

icieasng9 fte speed pat ft cascadin regime reeults I ciUn - l ,In fti mode tIn soft
deAh themOselves onlets" from ft wal at ft lop of ft WaveL They we Im en lkgtroug the
frsebard of the cylinder, kinding an fti sim of ft bed at some' point near ft bosom of the bed.

by at the poko where ft kwmlo face Inyst by ft ulton- ice &g t gravlod ome
experience by 915bid(ftie cclspeedwit w rusmifte , Fr = suIg - 1 ) cons*tinig begins
As I ft case of tgo siping mode, very es nixin occurs due In ft IMa OW te Is no relisift
psict mcafn in Im mode.

I iss beeow et do" OthtescO&W~porunes lifbed mdc. we tie F roue un (Is.
ft ro of I'ins to gravtlocn forces), ft percent U of fie chkift, ft cf and djnmi angles of
repos &W ft pad. sk&e4 For - Flps~ N ft supig Wofrn* eed muldf Is pacd In cyllidwr
hlAVi diersil ftimetes and roate a d~sert NPe, ft son bed - -aMsn wil be obseve at tie
suns rouds nhaberaipercen IL
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Fnr the bulk of rnlxlng operations, the uselul range of motion exists between the rolling and
casca~i: modes. As will be discussed later, segregation can occur in rolling and cataractIng beds where

Sdiffenrcs exist in the physical properties of the malmels. Furtltemiore, It is Important to note that the
ext it of :he regions of the various bed moto changes with the composition of the bed. At a given
RPM, the presence of segregation can therefore change both the motion of the bed a3 wel as the degree
and elfecveness of the rixing operation. In order to detemune optimnum mixing conditions, It Is not

* sufc; it lo observe bed motion with partUes of unifonn properles or characteristics (Is. size, shape and
density). In order to understan the effect of the bed motion on the segregaive behavior of a mixture. the
range of =tIton in the system must be analyzed for the bad mixtures w h will be used In s:gregatlon
studlas. However, It would be expected that the scale-up parameters of bed motion of uniform materials
prper'es will also play a role n the bed motion of solids *wtJ a range of propertlies Qe. sl7e, shape and

daasity).

it should be mertioned here that in al cam (except petis the cenbllugg mode) the fow
pate~rs In the bed may be divlded nt Iweg sepis regionL S 9'. 1 This Is shown pictodaly In Figure
2-2. in n3 assive region, vmy lt pw.Wcs motion is observed, and mato is trsported through h s
region Without chgn t position In the bed. The acts region of the bed (the "acve layer or "shea
ayor) co ,'xses a smnal portion of the oed. usually only a few pertde dhnenslons I fhc~mes . It Is in
t; region that the buk of the mixig ad segregation actio o m, especially at lower rpm's. As wEl be
seen War, the itracon between prlicles In tif iyw. voils md even Mte ntcex wowrtar the
redlstun of material observed In some cm (for bets wlth grema, Ii= 50% iUto). a -deed. or
"zero-veloclt zone con o ur In the bed. Parildes wido , nd Ihk way kile Ift am ei Viped
here and a removed bIrorn Uther m -hanclon wiltie rde of Vie bed. M M I of Special
Inportwuce In sysleme ow*ng segregO ve bear, bo con *0 ocm, In "del sysWeni for c-Il
conubknAn of to oPem" pwser . Thm d epedml * in ou# a* wwe o omwuciu wh Was
than 50% fulL

2.2 Mxing
ENVy work tomi on a dhu*n 6of lio ft m~n dow~~ uesmnbl fr ieniin

ln observed I#A " a mof is. LMAy WO P I tme te m 10 We swe to meciilnm

involved I .m g° Thee w.:

1. Oliav- Thi - Vie mbiMmon ofpue i d imbI ruidom nm ,

2. CuWeslen- roup pwa es eman n mn h t slds mnm iuoaoe.

M 3 - Wft nwduU*I a n when doe pus m krme or @mw w tl
pulxM*bft%
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Figure 2-2. Reglons of Mbdng In the Bed of a Rotay System

I puIcukw, Laey snared "i in lie am of nixing of mno-sized parldes In a dum ntxir.
ilion was fte donriV medmism nii nddlg Diffusive mixin was eoo-np;IeI by fte ruidoi0

rc11e-0 g of p-Utidee over fie surface of ft W bed fm ft.i mixing pliee mee mawtted to fte
surface tarsm of Owe bed It shoa iid be noted c IM Vift iluuive mixing mechmdw. wa SppVW toe i ud
mng of sinier paridee The presnce of diffusion aa min mrileni has been slqwpol by

fecill m- - worgiesm95  1213.s but I" aevosd f ocWA~o of aeddil od -edwjuusaimi we woem 0
exm*lin In more detell

Dn id ard Pmermn'~2 sksid bollVi ft md aid mixng dmnwaiemlA of dmmntmxers
They ftn VIM W nixin in tw ie Ai Ndon 6~n w oommaed a a rwei df disie I ft pall of

Cconof VIn pside of fte bed This co be uiduuulood In tem of ft regime Mdsib I FIgur
2-Z. They powsisld tos p#ws auei WmsjMM Vsug ftoe layer I Vs bed wil fol Nts wlds of
Vs nod layer do~ ms Vsf pinlde le cm- 1-d it fte poelve lae. I sheii not dienge ft poeon
riWe lo ft mom mi d m Ing hiVi rodd *eh cc-N u Iomno ow rd * Ief pawd. Nvakl a
iuleres polh i n ft - layve s mid Vis gie I ps d a ileriW poeilI~n i V pseev "e VI= It
oos~bd osighuoly The openihig of wdf end fsu* a pblg of fs parldue I ft passive laye
wa esiV-ie ID be a m"es of Mben hi" Vsiodf lyl etaen to ha bed seglonsm s d OWd
-xn wa RPhlibed fo wo aned alue s o p 0, g speed, aid Vs" u * n ym 6

fore b hummed peraur OR dwlig re ov m ii lie pad ske (1w be&e omnVOeed 
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mono-sized pa-cdes). For axial mixing, they separat the bod into two regions. Away from the end walls

of the cylllncar, rdxing was found to proceed slowly and thus thought to be a result of diffusive processes

only. Near the end walls, however, axial mixing was accelerated due to the presence of steep velolty

gradients.

Later work by Rutgers4. 14 also considered both axial and radial mixing. The best radial mixing was

found to occur for bed speeds ranging between he torng and cataracting modes for beds composed of a
s;ngle particle size. Fcr longitudinal mixing, he again supported the concept that It Is the restlt of randorn
deffectlons at the surface, with (he rate of axial mixing IncreasLig with decresses In the partice size.

Later Cahn and co-workers,9 again using systems In which the beds were composed of partkf es

with simil3r physical propertes, conirred the presence of the diffusive mechanism as the n-ixing
mechanism predomaing for axl mIxing Again the action was lknited to tie active layer In the bed

(and more specifically t e surface of he bed), ft duslon msu*g from an axhd component to the
moton of the partkce across the surface coupled with VrWV of te paruticles In voids In te underlng

active layer Subsequent work t led to te Incslon of perticlenmlxr collisions asa contributlon to the
diffusive machanism and escnB to develop a probatilisl c model of the parile molio led to ree3onable

estl.utes of the 'dffuslon' co-?0cent. Diffusion was ound to .opend on both the load In the cylinder and

the speed of operation.

Work by Hogg et 1 2 a@0 n Hogg and Fuwerl 1O com Wue lo exuiOne the role of flulon in
mix in roay cylndqes Hogg et al. 2 refted SM iffc mel for adll mIxng lo WIdude li e~ec of

the presence of lhe cylinder ends or on miing *eeo The modilon c omes In n a dlstv soldon

to the difuson equation for long and short bilee for ~o* Meee nbdng goes as N'4 (wee N Is the
number of rsvoluions), wherea as at long tiese nking promee do as expN). As In ft ase of the
wafts of Cohni and Lacey, the mhkig prceeds seOw movemeut of a plowe dilluulond *r*n dong te
axia drecln Rade minbng was consiered In toe Wer wouk In fft Hog ad Fueem propoeed

lthef sheer mecanism of Lacey le acuiluy a comb'in ia of III cove d oWlkinhe mechanism
in this cas the mxing of metleld in tIh radid dl oMn ,on a reest of toi Ituchutge ot paiticlee

belsn eri en *cmdo ptl in m bed. and m w sxitange is raids., mudt len be *u*lW .

The acreclve conpoe to te ming proces comes in a a Mwu of mdmdsg Ie 9d 1os over
Wic to difflus on oocum This r@elt In a tseW *ouu to IO bed woes to a woeceo uf i ihe
UVmum of lie - ou demahg wilt i, ras numn o lu6nos The oenvealve mq

was gougt km Mie fr illernoes i Sm re-Ie e ee on f pt d h eal et 13dM p.Mm sinf l
bed. The bin on to wor, hwmww i l t epls ony t ed Ved sydem wu~d hae
been sled At lp M--wI pok% Wdled by Hog In oft work, howar Is lie ba aow of lie
coneoldkig bolh mowo- wd iwrig l La. ft d 'enm bhelse Os owI'M11o sepens

- . .
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componets Into an apparently wel-omixed bed (macromixIng) and the short range mixig required

between regions rich n one component to region rich in another. As will be seen In the next section. this

has imnporttslseqxiaces In PI)A MMC applications whome the microscopic distribution datorrnines the

propOi3s of the final conscoIdated producL

More recent developmet have begun to cast some doubt on the validity of the diffusion
mechanism as a means of explaining the observed mixing phenomena Badgwater'5 contends that the

diffusive proces may actually be a purely convecive process which, due to to prcbatstic naure of the

ffixhrg process, appears to be difusive. Also, Bridgwater indcaed that some redisbibutlon of the

particles may occur at a particle to pat"c (or micro-') level In the passive region of the bed, and that t
redis-rbutlon Is Ilk*l not a resuit of any diffusive process. Later work~ by Scott and Brldgaterls

proposed a different mectaanlsm for mixing to ocur to account for tis rnicro-dsbltion They envisage
fth bed as a series of Qconvwcv blocks surrounded by failure zones. These convective blocks account

fkw macroscopic movesment of the paifctefs m~sslais, whereas mixing at the microscopic level ould
occur as a r -suit of iterpaitcle percolation. They preddc that this mechanism wouldW become Important
for pa~tk so greater than~ 30 Ism and be coumorptace for midxture with puuticle sizes greater than
100 Pun. work Indicated that the application of stain to the shear zones, resulting I expansion of
the bulk sufficient to allow particlees to pass through voids between othe partice slowe percolation to
proceed, and that the rate of mixing due to Ows mechaism depended on the uloun of Warin Imposed on
the maWtere and the reltiv volumes of the onstit particles (the density having been Wound to be
unimportant).

it Is hIrportsint to realize the previously mnte woik repreen only a small portion of t
available Nissrlle an mixing much wor ha"in been done bo evakase goe allicency of kxk*Ml
systems and allamallve mixers. Nt Is lso notable tis i at of the cases. tie bulk of t work was
performned on systms In wich t parlicee shwed no slgriflcut uifferences In phsi" praper11a (a&*.,
shape, density, eit) and thus aruiminted I their usehiness to fte widerstanng of red sseM we
such Ideally In ft pwdke proper s renrely aiekf The db~eoun abxve have kwuseed on momu of ft
MOre InVOWNm autdae looloig a ft lurduil s o mie ptn proess speI hat #0 pled te
rota*Vn cy&Wde ,rdxes. Thes dleaearlsy ou~ne tielm denu by wihpartidee fow I ixers.
I sysioe with ten denies -r segregaonf ti annbagmefte deecite - bove wE sO be proset

The extent to whtich they will conebile to fth * sft hf mitlre wd dependl on fth megregoaive
tend eie of fth mtiur. It Is Vim hl.VaNt o sudy the Ilwlre dedhi specilicaly wOt non-Ided

systems. This Is dom ne ft llowkn eecOwL
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2.3 Segregat~on
Detailed Investigations Into the mixing properties of beds containing particles of non-uniform

hsIca propertles crinated In the sixties with the work of Donald and Rosemna n2 17 and Canibel and
Bauer. Donald and Roseman reported the fonnaton o! segregated regions In the bed of a rotating

cylinder for cases where significant differences In the physical properties of the constituent particles
ex!sted. in their case, they considered only differences In either the size or density of the materials used.

They found that segregation could occur in both the axial and the radial directions, and that the fn:J

shape of the segre;ated region3 depended on the static angle of repose of the matarials being used. For
the case whor the segregatIrg material (the smaller or denser matedal) has the lower angle of repcse,

a.d considering a sItuation where there are negligible end effects, a segregation core forms along the

lenj-1h of the cylinder at some polnt below the active layer of the bed (see Figure 2-3 (a).). When end

effects become Important, such a3 In the case of Increased speed andlor rough wals, the core at the
ends of the cylinder become unstable and MGM regios of buiding poerKICtim to e cylder a May
form at the , s, as shown In Figure 2-3 (b). Finally. for the cme where the segregating materil ha the

higher static angle of repose. the bed will form only bands along the length of the cylinder (Figure 2-3

(c).). Their explantion for the.a effects Bee with the fact that changes In " angle of repose wil affect

the vskxiy which the mateial sees as It travels down the surface. For low angles of repose, the material

will have a low veloc* along the surface, and hus the chances Oat n cm drop twough the active layers
without being scattered axially Increases, and thus the radial segregatlon coe may be formed.

Donald and Roseman also Invelgaad tfh role of malerlal md p'oeess vmaries on the

segregabon phenomeno. They fund th for dsity d se rats grea fm t .Z segregalion
occurred rapidly and the "lat form of the mixed bed wa one of the owouixvrlons explined aove.

Conary to some of t Mdm o Fso o,° Dm wa Posemi also uhad t omalot of toh
segregaed reglons did not depend an Ie buM po en of go cc ipow n As s I"G, ey ds*miied tha
the rate at whic segregilon occu decresses with Verea"in percert 3ie (for pailces diuleuInh
size) ard wud tob91 Lwes for s"d vot of com ard pmlcl. Ts 1 au e to a decrees. I

te number of le voids av&W* for f amalur pohe e t fol kl. Fi*n.fty observed ta t
shape of fth ma*eia had sppwueil Web ~u an ft segi egslve behavior when oomparnd to sofe &Wd
denst diluees. It deerwha ad szeof of otalss usedl Mi ft sft hwer. II wi be
see Wwe t0 ha hpe elet can be I Vyt for *w m ahs (0owders).

Cmpbeil and Sm..' ejended some 0f tes concpts to wukle fte elc of & us I t
-eiil shp on the segagdv behavior. They wmsit d fte Idea of Donad mid Ame t thatl te

dsgw of -egiegalon enoomtsred depands n t slza mft of the peuflse beb mbied. They

mssd ft aoberval si, tomugk a Me vokme rsof puerda b"ing m,, i Insld.k g t
olle of e ftwgs p? sperc6 parbiss Im rndeiw ~ pmb OWe used Ve *sVU of hWN11"
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paxtic to doerTTe an equivalent inpherical volume for the aciculer materials. They then found thW for
mixtures of adculm end s~rwrtcal painlkiee, segregation was minimnized for those camo where the

* ~eqivalent spheuical volume was equal to fte volume of the sphedcl pwriles Thus the volume of the
patlcios was found to be the d.ter*ning factor In segregation, rathe ten the shape. Also, Campbell

and Saumr deiern'lnd thal Ow density differeces were minor when compared to differences I the
volume of the materials being mixed. This was, howeve, lor a density rato of only 1.26., w I s very

* ~neer the I"~l stated by Dorkild and Rosemnan for Ow deinsity to have an effect on the toeetlon.

Later werlk by Ulliht considered that two segregative taynclnds woUld dominate, that du~e to
size differences and that due lo density differences Using stee and glas balls, he daeemined that a

5egr~a =.ar fonned a"on th cylinder was. coaposed of I* finw (or danswe) material. The
experment were resticted to consider the effect of chaniges I ft sie redio ard operating speed
(expressed n w2R/g) only (although no effect of dwanges in I*e drum speed owe reoriped). He was ale
to show tha to some extent the tendlency to form a sreated care i be in*Vmlze by maidn "~
denser pertcl large tV= te other. For a size rato of densr*ur of 1.4:1. sepgeda was mnftd.
He also pointed out, howaVLt. VWa at the "pt f *nuni segregalon, Vie mltwe could not be
considered to be stochastcly well-,mixed This hiples thW ekr*uftn of - sgo,gn Is *e0y to be very
duficut and uhat macrscopicaly wel-mnIxed1 be may stl show Ig Mfcmw segregation at Ithe
microscopc level.

Rage, srd Clements20 looked at On e~ec of fte m and speed I mare dftk for ftam df
omae gtw~ matierils (500-M pn). For low rpns mud sho uperu Sues, a segegate a

observed along he lengt of fth ntiwr As t operdon Ils eshMaeede ft Sue were seew to
* ~move towerds the ends of Vie mhxer reeviig I "g care a ot ireds d ft mbwer &Wd a Sine-depleted

reglan I the oaser. bicreses In toe rpm led to mar* bend Wafdn elm vt e firrioer of bands
umesing for hcrea"u rpm The percent lines waserved to ~ fit s se of ft bauds Owne bts

**i at ?her rpm, RAos and Clermet so . nfIMd that ~e for syml oh whs doe phl o
* 'mI e bebee1 Ln " 0 Al~S elgrgii can stl omr. dspilef M lof tht bed may appesir o

be visuly homrogenes. 1 This hiqis thamto eugai ora M imempin sodiis a o dto

Th i" POt poTM ba -m VA by ft Wa Of SWAer.a WU4 MOn mid cappe powders in go
* rengee typical t psider mNOp spplk&Uw (-W0- U0 pm), Smer was ofto im ink at ~ e dctO

p I A p ap go - an -b at both ftniPinP mp'p apl mid iporep toL Sage ds~uMsd a
uMC neaopC aegleriW I tow I ejatmms oPIP=ed Owboth milnoes bi densit a well a
dilers -i s In ft M piuely din e to hedinges I ft 11sip behav of fte ps--Id resutth fta

* disr esInm ftVi mms of to'e lduid pwilee, Sm o" asedi psI of fts~ Ig-,gh resing
fu t slfereM eI t ft d that "ssierm Iaae - e IF 4 M lif ode Mi ft dierg Api
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segregation was seen to Increase wIh Incroes in the size ratio, and siz werallons accounted for more

of tte ot 4eved segregation than did to vearlons in densiy. Samr also sttwd, howver. that the
shape o the paicles affected the mbdng and segregadon procese n twheo matelas. Icrased
suiace interarence between hegur paides was found to reduce the rate at which segreg"atlon
occurrd, d this effect increased wih decreases In the overall pafklo size due to the attendant
kxmcrase I the surnce aee At te microecopic leve ,t was ound Iha te size rallo had qumatively th
same efe as In ft maccic case. In this M e. however. ie absolt size md shsp 0 the
pati-as detlerfied more crtca4y the disttion obeerved. Sauer lounod that as te perwe sizeF.dceased. the dishl~uon bcame worse, but ta t could be minrrizsd somewhal by to adcdion of

an z4prcp late mixing acidiivo. Aso. It was shown ta It even one 04 the =onTonots of be ed has an
U-ru~ar shape, good mxing at the miroscopi level was Wt achieed. This crously has Irnportart
cosequeces for MMC appiclatons, where t reinlorcement phase Is not el"y to be sphertc. wth a

To Oft poit M t ho been sa = to Ow mdwdnlmre govneg tso eegrogn iprocees. Most at
the aove work relied an Vudon. hterpretaftos of to pher tar" govermnig ft miont d t
parlie (Ie. the rwdon being governed by convective and dfslve meanensu). Wilum nee.
however. ta In segregati e processes, difrent med isms govern mo on of toe Pa~A . He
- more Srnmdy ta seregaton cm rauei m ou lori, ctes beki

* uuleces In parfb sze

" differences I parlice don"y

" dirences i parbis shape

" vurllons In parl II. u nq

In hese ma, the IoIonI of ft plkle uM be governed by t oig meiuiirie:

1. Tv er ewrie epegiailem - hi po e gno ocu. Ows to Nnoem In go
Oto mCe ovar ftii1 par s nvde an ft ieswm of ft be&

2. Pwoolom - u deo~~ In tie secNo on n*t ft Involv ft mollo of puabis
IViough vlf In ft be. Thie meiimm m hll been aded to In ft prw'fo wor @n

-e--- on V i ugh nor 11 iy d ed ma auianuin fr ft eepg om

&. Vmrm - In ~ mofn 04 puir e Vwoug ft bed ooma din o weirlaion in ft bed
volge reeunig br fundt Msome vrdoun. This molwilsnm is of Oft a p o
I rmry Cyul do

T'he roe at fi *t two ado in a No been e dsmmW I vy few sd es The most no0OM Invo



1. 27

the work of Heneln et al.7 and Nyana"d ot alt in examining the segregatlon behavlor of a model rotary

kfin system, Heriin of al. fouid that sgrepUi, ocaorred both axialy and rdlaly, and in pertlctur, for

* bed modons in the slumping and roiling regkies. The segregated core was found Io hame he same

general shape as the bed. and lay at soma point below the acthv layer, thouh usualy in the top half of

the bed. Based upon their observations of the formation of the core, they postulated that It could not have

formed as a (esuLt of any coi-cve or d&Alro procSs= and proposed that the percolation mechanism

* ,as prlmwify responsle for the segregation process. They also allowed for sore contribution of the

!-a4ectoy mechwi.sm. tOm-gh considered It to be of mkwior ipofance

In t'e woi of Nityanand et al.6 the oal was to detemine the rate at which segregation proceeded.

* si e : d s x 1 pctft' wv.a ,rido response 'of the forma ion of the segreqted core. Using model

rmedls. toe obsrvafn of Henein at at. a to Oe shape aid location of the bed were confirmed for a

more general case. Segregskm nw sqW fourd to ocur for " V i ri be i fr roW% f
bedar Ve segregated core was located Juit beo ni active lay. Dkect mesasemer of the fovmitlon of

Sthe coe indcated tW the kmzz., of ktcrmft follwed zero oer &iel-, with te Wlrtell a nint

hxxlon of ft rotatonal speed, and kukanderd of fie percent4 Mi nd bed depOL This Is nol oons!1ent

with ei~ a dffusive or convectv nmKwi , aid dire obeervuton of t bed camed thW th hes

reported Io te core by means of peroo clon. The presence of flow segrnn could not be decourted,

H however. since Owenmb of come pauicl preset I Oi core o wa is than warn expected. Since

percolon calino ac unt f t emoav at cowm paId.nkom ie ore% low segeln mist s
be operalve The rm of segregdon kwiesed weh I kweam g We iMo. ond dmo imesed wlt
hiremmes -- In te Ae of VIe cylinder. INs led to Ve developmest of te e rmo and ft nenulto ne

* speed a g a seal-u tlm 1 m segregdon This should Dow com iso ci oreis of

meorm=.6 hiveslgalor of powdr sysm to liee g W eyov Io deWmI whwut peroodimon

douin o for Ie witot syuWn, ard do to delmone te ellve k iarlsc of adilonad lwde

sm as t shape dierecew 4 a hnmed suace weL

2.4 ffeht of Gae Atbosmphre on Urn Plow PrupesPs of Povdh BedS

enw l wok has nFae IWl a anpou anduis of pew op r@111 requree an

unwem mru of t I Ifa be vs ga an mephere 9 VIn l ppmits G t Ad to
* padere This 6 ! mraion in pnd nfWilyn Viepiupum s a f lhgo (.e6. go vkucouy p

aed pmux IPA als on S pripeI-s of t spowde WwaOwd d o nl ad pOns due) ad

ftVO upI --erdo speed of VOe appa e. imeo NOe Ind It isO gso CIuphue IsM
dne ft eo tsimon of the pwmde bed, IM SMt ftg Vt t 1nam IF, id prpeme of

f Vpmtbed

IN dm* I he eNt SM to on g ho an OW d to fhliw piupiffm of to bed, bsPn
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considered the hycrdydmk kteacons between t e gas amid powder mass. He reasoned that I
cam whe the typical velocity of the powder-hidbng spperas exceedt the rate at which th
entrapped gas could escape tw bed, the powder vold remain fluzed and I an expanded state. The
removal of the gas from the bed can be folowed as te movement of a "conunulty shock wave', above

which the poi ty If the bed Is tha of te expended state, and below which 1he porosity Is that of the

settled bed. %. The veocy of th shodu wave Is given by the expression

V Pd 
3

v =150o. (C-c.

In this expresSIon, p. w the powder denslty, d , the powder partle size, am gravitational acceleralon, gI

t he gas viscosity and e a the porosity in lie fluidized portlon of the bed. For a typical powder hWrdIng
speed V,. to bed can be expeted to remain fludized for conditions where V 3 V . ROMA len uses
1his condlion to arive d. an epressim for pNng o1 ri-n e of a ga @%whee, ft so-aed
Gas hiracon Num ber, N,. Ite exresim for w nuter Is

N1 P * p 8 * 100
IA V,

The physil uigicance of N Is n laov: fo values of he go Iiuleon number less I. 100,w ft

ges nMOhe wi risn rpped i ft powder mes. Thni ~ Ie b esm for demhng vAme of
t gas ieracmon number, Le., ft lower to value of N1, ft greaer ft k4nw of Vo 1 e From ft
tr of toe equston i cm be sen it low vales of N, cm be adrlied tor agevalsesof bolh In gn
viscoety amd the poeo-hmidlig appem speed. the ~ of t speed of to eppewr asm be
madly understood, s It mies from to dedvelon of ft exP sslo 3If speed of to appem Is low.
t V. wbe Is eham VC ad gmn wi bea lto le powder me. The pomt eiof w

powder bed wl ren Ido o ee% mw wl appe to be n g e . VAs %, In ws id
becm es 11 e VI.'~ Va 1w gus w eia Vappedii1w bed The moem e sI Ad by ft etappe
go wi Owe cam to powder bed to & V w d "1f bed wil Ow flow hmr readly.

The hIrence of the ,Isooe% of ft gm am be expled hIt 111a -hmg manner. For' ium I
ft go viscoty, ft mcenem edwige beowmen ft g m leu1e Is ae. This resulb In Im ed

force an ft powder p--, "i htA ft obser, ed 1, cr-Iefm A d -hhiI so iis~o bt Va
wiehr am 1w powe nin. Mo 1w vsit deoremmes 1h me tN iwpm , hwnmee mid 1h

nwb of go mo lee colleloe d--a. - T. mutr i a l owe reof elmomenkim inner, md

uo. a d esmed wil 1hm -,Ien is - f nd VMe powr. Fr lo veee of p emd V. Sw% ft bed
wEll be collaeed mid rme l sft a upnmvd to ft O fea behao or "sge vdm of tm
1w vlables. The e l~ of mi I bl t moily md ft speed cmt be sm e nphfNc In
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Figure 2-4. The values of c-e variables used we shown in Table 2-1, and '-remspond to quantities which

might be encountered In no ital-matrtx composite applUcations. It can be seen tal ie value of N1 remanks

*wel below 100 even for relatively high speeds and low vscoslties. ~h effc of variatlos In the particle

slze can be seen In Figuoi 2-5. The Increasing viscosity hoe corresponds to 1ie same range as the
previous f"gr (see Table 2-2 for the values used). It can be seen dearty in this case that changes In the

rotatonal speed have a signif at effect on the gas intera lio behavior. It Is apparent that at low rpms,
* ba bad will be tWlzod for sall p i s only. As Ow rotadonal speed is Increased. th flud.lng e3ect

of :e *anTwpher, exlenc e to inc edo larger aatidos. For a rotana speed of 100 rpm (wiii Is

a rj3-onab:e nun.,r for the ca cg reghiie in tme blnders) it can b een sa M lor a systorn wt* an

pantles less than I CO microns (a typical sftaJon kV Ve experknent to be conducted In this work) t1"1
atlre e4d wai -te .kuidlzed. Thus Is is expected that d-.e klt ct mixn" in diV reime wil be enhanced

for all the particles In e syster. At Vie lower speeds, where seggedon Is usueAy a problem (the
powdei which wil be stuied m expeced to bo skong segran q' It OsimsVi the fm aO
reinmormto it paiWes coud be fbudlzod, but that Vie W .metrx l o e wouAd ol This ould have

- •some m-ye(unknown md freIng effects onr tnatm'e rxdextsr N o giogme nl observed Thusll
w-Q be necessary to take in"o account the effe c of "e atoepherie i any of ihe expoarst conduced,
and a determiration of the beat aUt*ophsre to minimize sesregatln wE be an hlportett i of this
mseerch.

It is reaonable to msmiae tth e peure of ge g wl amo wie some e on #Ie behavior
of ft powder bed. I is not app a frm i preview epr ess04nm hwmr, how dn In ft

p sroe should h o ~ f tbed behavIor. I one nere to swmm o ft le Vibco In Reltmasn oxprlonM

Is fto boct vlscoeoly. ien No vsul would dnge vey Ml Wt iemre , and Vie go a Ilu on
nuner coud not be used lo pd t a We e of te nowplhm w fchanes I In prese nvehh a

lmw psper however. CofmerJ n sWW dd consider e of. hane In " pImme They
lookld at two cases: 1rk the cme whoe X Is much mf Vim sars Cal dinenslon A (fMr powder
nnes. de u wou epond to se iie oft e Iasiprl:e voI); id secmn6, ft ame rw X )t.

They develop gots wpgminit heed on enmlsderoi Waolf ie bce iseled byeloing gmatspeed U
an a We of bnglh L and nkm AL

The la ce. c m eemnq t ft me viow low t I ne f Um I Idt m Ve ft i cWam be

a.ci, nmw an eua u In Ow Vie gm vim ),el can be ellesed tom Vi lMrs go I k iO h n
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the mumpton that the viscous forces wi aise predomlnany from momentum exchange between the

gas molecules md not from Interactions between the gs and the tube wafs. In ths case te expression

far the viscosity Is

-

where p Is the gas density and v, Is th thenimal velocity of the gas molecules (Lt., the actual Velocity of

te gas molecules for the temperature a which te ga 1 held). The quantity pX it hIdependent of
pressure mid thus the v3Cosdy at high pressures remais at a relaively conutant Vaiue.

For the case of Vses at low presure (wd thus large X). Cot md Rletems consiler toe

sitain a one representing free mcIer flow. The momentum exchange of one molecule Is thus

clnsidoared For molecules of mass A, ind murmig that toe wl id molecule am in thern.l
lmeiMlum so to t namen*mn m migs 1e &M Ieml eloct is a musrag n% ft nt
meanmg ex omr to molcule wi be M Mwre U Is again to ga low velocity. Sie Ow g

molecule will on average tavel over a maxknxum distanoe of R between clislons. In total number of
e1e1v collsions becomes LIR and lhe total force per unit length becomes

L4

From W1h a new epreeulon for an apm rt viscosity p2wn obtlIe given

P2 - epU

Thus le ~ of gas presem ube seen sam-ciod o , ofOw vale ol the -Iscoet. Thft ~ Is
twomfld. Prut I re tow a nolecule ravei d mige ftm to v*e of X f w parkuler
candom experienced by to gas, ID 6Oe We of to s pk g though ~ il w go s In b -ud to pm

Secndly. to vwdoy al wiNd to gas move d -ca m am to vaue o of thm v velot to to

valu of U. wvid Is WIIk , seNeal a durn o mlp li d frtm to themal veocl. Thus, n

ft press. of ft gas I decm , 6w f ppaenl viscosity of ft ga is leducd I Wm of Its

on t gaI iscmle- nmuber, liens ast premre of ft ga deAcn-m, t vse of NI VwEA  I
This c 114 1W ft ~ of preme Is ubrr ft ft h of vismelty: fo NO VO aftw $ludfd

behavao, ft ut of itdd*a id tus t ~ of low of t powder mass demeen flt
A Cao ig preemo (md d I Pr Weasgpper visot). An -aI N, poit Is OW sm 6fw v o of

6wtp- e rIw vbsoelty Is &a indn ofA a.Mir aIs doft ode of ft "Ils puiie sadiig to pullics ae
hoa mb I dseminM ft vdus d t I i eman ru.6aer (d ue oa is rm e In On

re ln for ,N) uid h ed, uni ash migee6 voiue of t6eppms olscoel%.
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Experiments have been padow to determine how changes in the gas atmosphere affect the
performance of bal mnflng . 2 , 27.2 and mixingl operaJons. The behavior predicted by the gas
interaction numblr was found to be observed In al case. I.e., for high values of either the ga pressure
or the gas viscosty, and thus low values of IV,, the beds %we observed to be very fluid, with good
Intermixing of the powde$ In the bed. For the studies on milling operations, It was found that the rate of
breakage a' the product Increased with increases in pressure and p. The uniformity of the end product
hIcrsaWe %,ith less fines being produced, and the number of agglomerates formed during the m!Hing
operatP.n decreased. Thus for Vwe case of rilng, knovints In both the quailty and efficiency of the
opriaion can be achieved %ith the use of ehar highly viscou3 gases or high gas pressures.

!n tN mixing studies, t'ystems of simiar particles (cltfedng only In color) and systems showing
segregative behavior woro consldered. In the first case, using variance as a measure of the progress of
the mixing operation. It was found tha an Increma in e powder moblt (atgn, due to Increases In
e~te the preseum or the viscosity) resultsd In hIcrawe In ft dMin coefdent (L., te raft at w
random movement of fe partiles cccrs) of the process. as wat as decase In the valance In the
sample. S,,ce the mixture of similar partk;, Is a random process, M linproveencIs t-o mixing
process Is a reasonable one. I t cS where the sarVtes showed a tendency 110 seWgat during
miAing, it has found that th opposit conditions were beneficial, Lo.. low gas pressures and low
viscosities resulted in a decres I the moblity of t powders and ti reduced teendency twards
sogrega, l behavior. Again the Improvwnis m dsmons id by a decreas, In te valance of the

maured sanple of the mifm Consie rd, I tWme of t gas te n nuffie,. te high vaue
of N, wil be ben i in reducin tft of eagregdon obe ved In ies systm prepdlesed to ft
occurm e, whnrc e low values of N2 w banS vie.operaflom which reyon n asse hi te rte o
occumnce of random pltICl movm n, (puM mbxng).

2.5 Summary
It Is obvious kornVi %'XW 4 80sa100m o thn # a coRleI IF-seeeerON fto S4MM UofS a

bbendbg operdon Is a dl3tM teek idenlion of t dcnmil mode of palci. nmmn cm be
expected Wo be cbeaxsd by Ovet"b obe oavm of eggilm a ts msd IM Weof la" V! phsial
pres we involea The dk is kwtrm m ipIc by i rob of fe rmaawvmt go I ft
drm which OW m y OW he OM dc of ft bed m O W ad Vim e d@eeof Mt an@ d

Up W -b w , II. Ab mm A06ft 09 im m Ied to --u--l good ns uus ung w nt
necese11V wl 10 t a prpe DWIa1 -f.of Me Go""nrf w is 0 ~ Is of MW hiyalane In ciedo

$&a*We"a pa"ec Ow cofnymile 1;~me The bhei Me d go pevicu wark an "g iamb
Md ANh h rm Is I provti ak frinyeac ftee vdish t begN an anaysi of a"~i using bi
poWde W~dl.e %0ep 000of s0 tN ay dw o dw an id 111cs kof toe canbbaofn from
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adidonal small partide fores (van der Waal, ectro ic, etc.) in tie event Vi Ow dyn ics and

mechanisms of mlxkng and segregation ar found to be comparab In Uw case of small versUS lags

partic.es

0

0

S

0I

0



-,. ,.. o ,

35 1

Chapter 3

Experimental Apparatus and Program

The research program was divided into two main aieas. First, investlgations were performed on

model materials to exanyle the relatonship between operating parameters and the segregation behavior
a n rotetng c-11-dars. Byk cOMn 1s.-on of tse results with parallel studies peonmed on powders, It is
hoped that the effect of ftafond vulbles such as size. density and rotaln speed can be separated

frm any effect peculer to powder systemns (such ae shape. surw roughniess, W-c). in both ates,
macrorntng wit be the prkmuy focus, wi the Issue of mcrornlng Inlfe powder systems being

addressed If thre Is enough time.

3.1 Model Materlals

3.1.1 Expeuimental Setup
he schemaic o! the expeumenia se up Is shown In Figure 3.1. An idnumxn cylinder of dimnleer

**4 length 20 cm was -nurlaed an two aolerse one of wh was drven by a vmlable speed elemla
molor. With tis wruigemeant the cyidw speed oul be iwell toa mmirnum of@140 rpm. A rough

NOI was used to bie the inside atinee of toe cyide to -eist imipqe bewen i ulals
used and the cylbider wL ObeervaIeu of he bed betvim was meds from one nd of 1he cyllidar
which had a fm-spqmM gles plate seached to . The mod m m- ued wer exmnosied spheril

prildes of four ifferu szes, amd two dilmrt donsft. The se rafts oIe mod mIu s wer
choen between 1.3 md 3.04 (o see Tal 3-2), OW ldw hin ie raing of it avalabie for it
MMC mON s. The mood m aft were do chemn, so lt ief dewl raft (I.) w IM ihe
range ol Ol malh for fIe MMC syatm a Tabe 3.1 sumuzu ihe O 1p! p op sl s of Ihe two
nuolds use&

31.2 ExpedmetlI VwhIbM l Pmo
The lollowbg opergft ee etdui lemd d

I. SNe rufIb- d.

1.6

. . ... A .
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Cylinder I.D. 20 cm

Mpars 3-1: EquooW~ Schsmdc fo Moda Expwkvtuo

TWOl 3-1: Modmi Mili ChwacwmUas
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2. Percent fil - (.,,Yw*0

3. Percent fines - (Vfl.N.2 1 ) 100

4. Density Ratio.-

5. Cylinder Speed (RP1M)

Table 3-2 provlde a Nat of the operaling variabls that wets tested. The following portion of this section
outes the Irnporltt parameters and the basic procedure used In the diff erent sets of experiments that
were performed wit the model materials. The bed behavior mnd macro-segregation or mixing patterns
that were observed during these experiments Is discussed In detaw In the next section of tis report

M.frst Set- Binay mixtures of acylic spbwees (ihdnsty raio of 1.0) wft 35% pecet fig
and 14%/ fines were used In Wie set. With these parameters fixtd, six binary ixtures
ranging In size ratio between 1.3 and &.04 ware each teted. In each case, the cylinder
speed (RPM) was Increased from 0 rpm to a maximum of 140 rpr% mid the bed behavor
macro-segregation or fittin were observed.

2. Second Sat - These experiments were very similar to the &Ms 9et except for the fact that
the speed was decreased from the maximum speed of 140 rpm to 0 rpm This set wa
theeore Intended to provide comparison betwmen6 irshg Oid decreasing cylinder
speeds, &I other parametes being fixed

3. ThTrd Sot.- Expernirt perlorrred here owe very limie to the 111rst set, excep kw the
percen N and percent bine ted" wic were dwige to 37% and 20% respeclvel. This
gavea drect comparison bet-wencases wiltwayln peren hines

4. Fourth Set - Here mibue of acyfc mnd durvina spheres were used (with density rat
1.0). The peren U mid percen bm we Ixed at 36% mid 14% mepeclvely as In the
bset an ad tree biwy ntdu wit Amz ras 1.3,.Z1 aid 104 owe eludled in V*iiat
The results at Sib set w n womad with the *0 9et watid thereore provide the
illerencs In the segregation for naktwes varyig In densly mea

inseechcese.fthe A*isrm Mitd witha mwed quwftyof the bkiy wme mid welw
eheme t fam rido~bmied bed The cybderv then plsd on the tv rulers id the speed

wa ~M slowiy ineed1rnm 0 q^rm or sloed detreased 0cm 140 rpmim idulg an te set of
emerueit performed. The fw ofllhabinwreonbsere in eaahoca
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Table 3-2: Expermental Variabes

Materials Size Ratio Density Ratio Percent FIN Percent Fines

AcryilcAcryllc 3.04 1.0 35 14
'V2.4 37 20

2.1
1.8

4'.~ .~.1.5

1.3

AcrycdAiumlna 3.04 1.8 35 14
2.1
1.3

3.1. Results and DiscussIons
Flgur 3.2 shows ie typical behavior that was observed at progressively IOWrAin speeds. At

low speeda a csnfri segregated core made up of doe is was fomled by ro8tht e CYkIder at a
constant speed for a few seconds. This behavior was observed for each case UWstd (Me Figure 3-2
a.f.k). On further increasn the cylinder speed. the fines bega to dISPers gradualy to ie othert uOf
the bed (see F"gr 3-2 b,g,I). This dispersion of the fine Promoted mixing Of the fines In the bed.
However, even distribution of fth fines throughout to bed did not oc~, at any pw*lU~w speed it
occured over a ruige of speeds, The "ug of speeds over Which the line were evenly dlstXdb
throughout ebed isdefine as the Vasillon zonmfom cor segre1aton -to mng. Thein-wee speed
at which the fines dipesed fom the centr said begm to mix wit fte other parts of ft bed ma*We ft
beginning of the transibon zone Starin at ti speed, mhe 1mo of the cyinde Was 01ee1edat Vulous
speeds Io obsere mhe, diftiion at the fines In the bed. The end of the Imultion zone or the beghru &
of mhe mixin zone was detrine by Mil proceder. Once Oft was dssmn, the cylinder speed Was
hte ricreased, id mtiftn continued (see Figure 3-2 chm unli to WWs pmde began to move
towds to center of mhe cymnde. This darmined mhe beg minig of reverse wsegdgon As One speed
was further acreased, reverse segregadon om~nued (see Figur 3-2 dIn) urS me fine began to form a
monolayer agist toe ier wel of mhe cylinder This speed mslied to begii of osiakn (se
Figure 3-2 eJo), and me cybderw *Ani csa*luged wh any .wle a ame In tm $M tal~ speed
The boundaries of me variou wisme (coe segregat% n, it mixin, reverse segregalon and
osnulitgin) weo Im delerilisd In each case This procatkie was repeated seve m Wa each size
ratio In each set and me speeds which detwitr~e me boundales of toe various zone were tyilIy

wW*i two st-idor devlkons (2a, wher a vaied betwee 0.5 arid 3.1 rpm) of me nmu speed
cacuialed I each case, I P I g toato me peetnlim ewo Is dll instl - b -- I The
phctogipr shown In Ftp, 3-2 provides a good representat of mhe bed behavior that was obseve
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visualy. This figure shows that t bed behavior at low, high and Intermediate speeds were simier In
each case, except that the boundary sWeeds varied with size ratio. These observatn provided
*iformIationf on th ixUU~ Ping atmwe h W W of th mixerY Is inraed trtn it egeae

bed. The results discussed so far were simia for the first, third and fourth set showing that the variation
In percent fig. poront Oines and density ratio did not mak~e any qualittiv difference in the mixing patterns
for binary mixtures.

The second set of experimients were performed to study 1wo effocls of decreasIng the speed.
staitiN with a centrifuged bed. In Nha cwo, the bed behavior changed from centrifug~ng, Io reverse
segre-al~fon, to mixing, to transition, to core segregation. However. 1wo overall results In this case was
shIrr!W. to the other case, and Is discussed later In this section.

From previous workc discussedI In Chap ter 2, It can be seen tha a non-dlmansionaltzed numlber.
* 2R/g provides a useful means of expressin the Ipotn parwnlots. Therefore, the results for each

a9- of experiments we expresed I to.. of plots of w~R/ versus SIze rdb The results of th
expcr~mnt with aaylic/acryic ntirss am stown i Figures 3-3 and 3-4. The zons an either Mie of
the rrlxg region can be classmfedI as to sogregated regions. The figures show tha at very low "i very
high speeds Mhe bed Is segregaed, and at intemiediats speeds thorough mixing occurs. The figures
Indic-ate that at a size ratio of 1.3 (miftr of 4.0 mm and 3.125 mmn dfarnster sphere). not only Is th

* m~rixing zone shifted lowo e1 right Inicsting toa nt*Vn begins at higwe speeds but ft nbdng zone
6is ugr awelL At size ratio* aove I. ftre Is very sigh vuldm n ft 1 transiton boundy (varleOn
of aout 43 bo 46 rpm., betwee sim taos of 1.5 and 3.04). Pre~ous work dore by Rosereu arid
DonoM1d7 india"es th to dtto awvsurta f 1.,1 snspuU~s ov 001hriough 1w volcleal

0 1w~f larger palee. which remis I very Mes segrepeftn A Aui efet ~ Is see from our dsla which
showse a Isrger mixin region for a ff**e of uursisrfto 1.3& Our resultsalmo show, 9to 1wi ofdh0
On rnlIng zone dwsresses with hiorsefti size toft IIs dma seen th at j Ihrin o f at 
Wester than 1.0. This could be due to som aurm of Oppe th a**ndt between to oybIner u
wAtm aid Sospheres Itam asbeiwed thd fora OmnluWWplds dt tW oo dwh
oes*tft*V oocuxs Ira e s w t w1 ft e do of ti- paldus. The speed al which asraluftn
boegsisduosn to imped on 1W setof 1w ase(icreAsin wtw dta@ From
Pqmu 3-3 I s seen tot w q reom Wod by bueuirl ft speedl fro an hdkely segrsgsd

0 ~bed Is sndtane tha 9 AMe-d by der esig ft w ped e an MM* osi**ftg bed. Fqgu 3-4
soft s OWat woe Is negVW ~l elan ft mixin peIems 1wr vwoi percesit Siw

FRm 3-5 Is a o V --b - al ft rmftd tw ft emwy and &wy2&*Ahu m nftmr
*sh 1fg the sene Vend is aosrvd I ft be mm The on* dillr-enos Is thaft &M d t ft 1

soy~tioiin fme in siguly d*Wb soft IsIS Mn*" gM VN-i bou we se-pggl Io
- ~ ~ ~ ~ ~g pal, n gtorvses e m OMasatwbespeedsSw higherse Ia
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Size Ratio *3.04. Oersity Ratio -1.0

CAA

'2W 0 11
(a) (b) (C) (d) (2)

V aVO

r* - tmosmd

_ ILIaO'

(9) (h) (

Mp"gr 3-2: ExpulmeTaie rw*ut Wode muWsd1f, folbet I speed.
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The folowig are the kIplcatons of these results to MMC systems:

* 1. Comparisons of simlar results for MMC systeMS cut detrmin the efetOf other anorces
(Van Der Waafs and electrostatic forces for examiple) an tie blending Of "in POWders.

2. For a fixed cylinder size and size ratio these results 91% a a range of speeds at which rixing
can be aceved. Moreover. these resut can be extended to other cylinder sizes, using

* 0~2R/g (non-dlmenslcnalzed nunber). which provides scate-u parameters for mac'omixlng

of MMC Systems.

I.If srMlar result are obtaine for MMC s"sems. than the conditions for studying
microrixing we easily defined

&.1.4 Conclusions
Experienis wer conducted to stud Soe blending of binmy mlxlms of sphs dca porkies and

macro-mlAin was observed as a kmctlon of sike rWlo, density, rallo, rpm, per=e* U srd percent flne.
Spheuical pert~s3 vaying I sie betWeen M.mm wed 9.&=ui ows used I the exerients. The resuts

have been expresed I terms of ocR/g versu Wie ral!o, which provides a segregtlion behavior digrami
showing the midxig region which 13 of xms Inteest in our sldee. The mbiNg region Is deflned as the
region where the finer partes were seen to be every dstiuted I toe bed The results were Seen to
be reprodtucie, with experhitental errors within c e p tah knits. The range of rpm's for wrixhi region
wasobserved to iwncease w i e lab'g stz oof tie bhiuy nix we. ft seqeihin where the
density rao wsM 1.6, the comner paticlee used were more denise (poI.3) Oat the lie puldlee
(p-.J 2). Therefore, lto mixing regio Is niot afected by the denift tdirnc C d size feeis, thA

does Incres the miin regon at bigge" ll-es W~h ol other pwm -osrw rdit coinsto'
vwtldon I percent lins is seen to hae ngiIqOslec on ft replb.

3.2 UMC Powder Lb~ras

32.1 Appam
The blubig e39erwnui vA be onAicld I wisy hl dor id we cepis of bein

prosuted to apre" wof 2 mof a - IA Igam m sobe vaes dsaevmwuof befe
tnIo-2 an The bledrs we conhbuded t erIde - te I ~ e OPM d hav a OliuM hued to

efyte O an 1 'on '. Io thee d *I he .dn whee sopovis dtm he beon ordbuIa isd t
oaft an s hi l- !se i ,.10 mid 20 csm,,N mi d UD -I. The diulp d o it llo Ow thle
tue of due glas or Nodt end plu m @iwAV duOt p embit4 of belt v*sua Oonerlons and
ouoludoosmupft. Thelissexftange lsoe mcmnyt dloughl ue ol a istbS ga sead. dWbng
ftr e phe m nof twoughuWtihe duln Gl en sqip mt I! pa ft 341Clues de a dimilv
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the gas delivery system. Tha speed of the drums Is conlroled via bell-drven rost connected to a
variable speed motor, and Is monitored through the use of an optical ahoneter. Vacuum Is achieved by
us.ng a rotary vacuum pump, and can be improved through the use of a diffusion pump.

3.2.2 ,sterials

The dhice of materials for the b.'xening exerments was based on a deterination of those
systems of greatest Interest to the sponsors, as wel as those systems which wil provide the easiest
means of Investigating the variables of interest Al of the malerials used were comrnmerc aly avallable

products, and have bex chosw afltr examining slples of the mat "l for size distribulon, shape and

den-,;j. The list presented In Tab!e 3-3 (see also Figure 3-7) represents the materials to be used In the
bler.ding experiments, as well as a summary of the characteristics of each powder. Due to the difficultly

and expense of obtaining the MlutdnJde material, ost of the exp*met with the tanium wE be
conducted with the Tf-4. of whic d ge quilfte ar m In our possession. Due lo te slmlartly

of the dansiles, tie ie, u of t TI--4 blends shoi be igplcl to the sm*lde p r d these
cmi then be used for the experiments which wiN reslts blnds oiagled for the conoiddlon
experniont. One notabl sence from ti Ut is whisker reornorcemsd materiels. Due to Vi

expense, we have refrained from purchasing thee maeriais urt such tme as a bett apprecao of
the varfables of Interest allows a fe* key experiments to be deslgned. to Invesilgale accural the effect

of changes In the reinforcement shape.

32±3 Proceduire
A prcedure has been develowpe to insure th t al WMoromkn t same for ed at

of ,)xperment co, lane The Ivt sp Is to ensure Met i drm kInal mA s we dean md ie
of " residue Owm pre Im Um. The drum au te asnt"le, W"g m to m s P" ta On is

of ihe end plef tosuch Oi dw lg e at of pobln. Thile to em ta two are n mtl ibe

ur' disktbaces due lo gp between the end plaes ad ft body of the drwL With tf drum studng
|vilcaly on Vs ftM end, a Psmim au mourn of thenmb powder Is Mhe ndm d kfo Me drum

using a kavid twauh a fted hols I te b* plas f tw dra. The drum Is thmn placed thuiudy,
SM 0 Ca c owimdu WMW of 10IMM 0ewi powder Is added lo Me drum Vuuuu W ue of a
up'-W 4 "paled *Sop". ilde mimibs lnf -- uvugs wi One. -IFigue SBoft 6w alk powe
evemry dftibd h I d m m&d ft rV im w pwdr VV an Me ms of Me bed, f t 6

u, of w dr.L A ot - e0e cmid d us e Oft ooin h as a sbMn poft

The god dum Is tonu plced I to drv @tIm m* d WW 6t spud e4fd to M dedred tgs

* dpendlgn~wp-ul- otirl wbbigooriftW VWifgi@wd~placeu@@wru
w d , vbi e~mwus~ be c mui md ts t to d 6m einIs m ad

5
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Table 3-3: Materials for BeWWng Enxwbwt

Matla Size Density Shape
)-upplifr (as received) (8/cM 3)

PREP TI-6AI-4V -35 mesh -4.5 Spheical
(Nuciear Metals) -80 mesh 4.51 Spherical

PREP TI-24AI-1 1Nb -35 mesh -4.4 Spherical
(Nuclear Metals)

cp TI -100 mesh -4.5 Irregular
(AUaMtl Equipment

Engineers)

Fe - Sphermnet 100 -35 mesh -7.6 Spherical
Fe -Atomet 604 -35 mesh -7.6 Imegular
(Quebec Metal

Producla)

Slicon Cwbife rofwfly 240 gr 3.20 Teglar Sh rp
(Norton Company)

Boron Carde nom*aly 20 grit .51 kregular Shwp
(Norton Company)

cam. this usually consists of vary the spee tc robAlon of th drum (ehw hcxre V of de a ing)
mnd talMng p a Ut icments of the speed lo dztmnl e to mwcsixing chuwulsclse md
co n me c Ve bed.

In order lo redue the poeslty of -co*nof tho reeull, feh midl wil be usd all
expe ne (mfo- w nwo - dxIng). For hose sls ed dulenifg ie mbunidng
dwclmake f e b, W4 ne empensnws will be skp d a p od tom ied phW dt bed
biI~vged wit a aw-vbsoselty epoxy -motalh fre "k* he bed I place. Once the epoxy sees t bed
my be remnoved u one npile body. mid seloned for n oThisproc lOte nmy

bo be m d for ft pepu--womn -o sa nm!e for oweoleflon expwerui so tW ft vinscue of

ft mixed bed May be pr ve rmugh w lon NMo cia md meL hi ceo wIere leom c

the prewlaw e i e d thn ft mid vA OW" be s0e kw am md dleposd of I to
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j-2V
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300 MlAa

(c). Comnmercialy Pure Ti powder

(d). Sphermet 100 Fe powder

PFgWe 3-., cent.
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(9). Atomet 604 Fe powder

M.) SlICon Caibide powder

Rogwe 3-., cant.
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(g). Boron CAdId pow

F~gur. 3.7. mqt.
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Figure 3-8: Initial placement of reinforcement and matrix charge.

3.2.4 Variables of Interest and Test Matrix

As described I the review of previos work. ter we many operating variables wh~i may be

considere to have some effect on the mixing of materials. and especialy materials which have a
tendency towards segregative behavior. It Is necessary then to make some eetmatlon of te degree of
Importance of these variables I order to arrive at a reasonable set of experiments to perform, that will

give a complete pictur of the mixing processes without taking an Iordnat amount of timeo. Based upon

an examilnation of the literature, the f ollowing variables wU be used In a test mat. This Cloesly parallls

tMe tests done on Mhe model materts. so tha a comparison of the effects of these vailaoes can be osy

made. and some deduction as to the role of small-paallcie effects (such as elecostac forces) can be
made. The only variable unique to t set of experiments Is the gas atmosphere. in the case of the
modI materials. the size of the particles is such that unreaonable values of the ga pressure and

rotational speed would be reqtired in order to observe any effects of chantges in the gas.

" Percent fno

" Percent fins

" Size ratio

" Rotating speed of the drum (RPM)
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e Gas atmosphere

* Density raio

* Particle Shape (matrix and raknocement)

The experiments will be conducted so that In each case the effed of the variable wi be detem*1d
as a functlan of the rpm, L.e., the rpm will be used as the Independent variable Is each case. 1he

experimnts will hen be conducted In the same manner as the model malertd experiment, using one of
the other quantities as a vartable and keeping the rest fixed. For the size rado, percent fine and percent

fil, three s at cases for each variable should give a sufficietly broad spectrum. The gas
aLTspt'o can be varied both in coosiltion and pressure, wth three vartations f each Instance being
sufficent These exvedment will be specifically targeted for the visuel observations of macromilxing. It
has been demonstraod In eadler work that results for different absolute sizes of pldes and drums can

be sce using O size ratio and ohe speed (w=fW). thus adow, a c msonm offt
model matera result for mw bdg t bhese Ned for MUC meW (sitolot w cmAnt o4

having the saime ga a.osphere) Once t skulone corepomn wth obevM y good meontn
have been established, hwswgetk of ih micruixing occrlng in thes Itmce cun be exw'nked In

a few well d ied cAss. The dtae of the IWer experimnts have not yet been lbnAzod, bWn wll lkely
be 'on- Ume conuning than Is fint rownd of experiments.

O5
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Introduction 0

This project is designed to develop a fundamental understanding of the deformation

processing of short-fiber, powder-based metal mawix composites for high temperature

applications. This knowledge will enhance the selection, fabrication, and performance of

these materials and will complement the curent blending research at Carnegie Mellon 0
described in the previous section. The framework and methodology for this project is

based upon selecting model composite geometries and materials plus designing advanced

deformation processing equipment in order to physically and analytically model existing

and novel composite processing conditions. 0

This report is divided into the following sections:

HVPIng of 7-Filament Array. Th model 7-filament geomery used for the

physical and analytical modeling of the HIPing procss is described in this section. and

experimental and analytical results achieved to date using this model geomety ar reported.

• Hot Tdaxial Compactlo The rationale for the benefits achievable by compacting

monolithic powders and powder-based meta matrix compousit using a shear in addition to
a hydrostatic suss is identiffed. The design ad constructon of e unique hot triaxial

compaction apparatus built to accompl this goad is described.

- Future Efforts. Future deformation processing efforts involving HWPing and

hot tru al compaction am described. These deformtiadon pioceuing studies will involve

composites fabricated from SiC ad T'-6A-4V, both in the seven-filament geomety and as

short fibers and powder%, respectively.

0

0

S
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I

HIPing of 7-Filament Arrays

A simplified model geometry, the 7-filament array [Figures I and 2], has been

developed to study the micromechanisms of powder consolidation during Hot Isostatic

Pressing (HIPing). As previously used in study of the sintering process 1-3, physical

models allow observation consolidation at all stages under controlled conditions. As a

result, the fundamental consolidation mechanisms are isolated from stochastic factors

(e.g., random packing). The goals for the use of this 7-filament array are to:

* identify the operative microm "chanisms in powder consolidation under both
bodi applied stress state and temperamre.

" analyze the influence of sue state and temperatunre on the resulting

-icrosbucture (grain morphology, reaction ne, dislocation structure) to
develop a fundamental framework for optimizing the processing path for real

powder compacts.

" identify the effect of a reinforcing phase on the consolidation-

paraneter/aicrostructure relationship.

As will be described in grear detail in the next scidon, dds p c Is focussed on

the effe s of shear stress in addition to a hydrostauic sress on powder compaction. The

goal is to provide fundamental information on the effect of shear m s on laividual

existing consolidation mechanisms and possibly identify additiomal consolidaton

mechanisms mechanisms as wU1. The appproch isto ue scaling laws simple models,
and mansmission electron microscopy to cxamine the dominant nrchanin under a range

of realistic processing conditons for umeinforced and reinforced mnk magerial [Figure

31. Work is also proceeding to refine acim controls in oder to acmmulae and utiliz
accurat displacement, temperatur and pressure data as a functn of dan.

In practice, the flbenrwires ar arranged and sealed, ander vacuum, in a mel tube.

Though mer difficult to eo eu, tfse "cannins" tch um a bulcally do se as
dwu used for HW'ing of powders Since the pupose of ts physical modeling is to
obere consolidation under controlled and easily reproducibl goomeurcal and ocessing
conditions, filament sizes may be lger thm poder p e subject tm following

si.selection rcinea

I

I Il l 11,U .



60

" the availability of a range of sizes appropriate for scaling analysis

" the use of filament sizes; sufficiently close to real powder sizes so that trends may
be extrapolated and mechanisms operative in real powder scale are not
overwhelmd by mechanisms dominant at the scale of the model

* the modeling of metal matrix composite.% wher the reinorcing fiber may be
placed either in the interstitial or substitutional sites in the metal wire array,
depending on the appropriate wire size which is available and/or chosen.

The tube must be of the same material as the wires and either provide as little
resistance to compression as possible or simulate the mechanical response of the next 12
filaments in a close-packed amy. Low resistance to deformation can be achieved with
either a small wall thickness to diatmeter ratio or by using a weaker tube material. For
example, in this study, the tube used is of commnercial purity titanium (CF-li) and the wires
of either Ti-6A-4V or CP-Ti. The rationale for this material selection are given in the next
section.

One final criterion for the selection of the overall compact siz is die ability to make
thin specimens for transmission electron microscopy (EM from the compacts. Since the
compact geometry is new, adjustmnts in compacted sample size way be wncssary as the
TEM techinkiue is developed.

Extension of this geometry to 19 filament arays is possible [Figures 4 and 51. The
19-Filament packing geometry is mont difficult but not impossible io contL Tis 19-
filamentpgomery is of interest indthmeffect of picking on the local strss distribition and
thu on consolidation may be observed. Further, iaactions -mog filaments in the
substitutional position can be saidied (Fig.. SAl.

noe crimeria for a mdel MO isytm inchade:

" the absence of a pervasive, compaction inhibiting oxide or other surface film.
" th availability of wins and a do-a~ann ot mechanically uimvil containe

numerlal (as described above).
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* the absence of phase transformation during the deformation processing cycle.

* for simplicity, a single phase system, if possibble.
* a microstructure amenable to observation by TEM.

" an e'sily variable grain size.
* the availability of physical propery data required for analytical modeling.

As is the case in this study, some of these considerations may strongly influenced
by t e desire to study a particular system. In this reseazch a compromise between material

specific and ideal model system information is made. In this series of experiments

Ti-6A1-4V, a candidate composite matrix material is being studied. The major problem is in

tU. aIdidonal complexity of analysis resulting from this two phase system. Cp-Ti wire is
also studied for two reasons: first, to contrast the effects of particle hardness to particle

compaction [Figure 4] and second, to make a model compact with no chemical
inhomogeneities and no second phase. With the Cp-Ti wires and tubes, the analysis of the
stress distribution between tube and filaments can be more accurately modeled.

For the initial 7-filament study I (Appendix 1), pure aluminum was chosen but has

bern subsequently abandoned as a model material owing to problems in both sealing and
consolidation resulting from the presence of a tenacious oxide film. The deleterious effect
of the oxide film on interparticle bor Jng is well documented in the alumlrn P/M
literatum. Interestingly, however the use of this 7-filament geomeuy may be the bes way

to observe local oxide film br-up in thes materials. In addition, the use of this film to
restrict certain diffusion,' -uechanisms in order to isolate plastic flow from power law creep

during consolidation is also a possibility.

The 7-filamnt army has a zero consolidation density of 92% whereas powders
typically have a tap density of about 60%. In fat son o the modeling eflfois in te past
have specified 90% as de transition from the intermediate stage of consolkdion
(cylindrical porouity) to the Ainal stage (isolated spherical porosity). Deviations band on
the 7-filant gcomety, rather dun limiting analysis, ena simple models w be employed
widout having * mak assumptions about the transition beeen die sg m s of
consolidio.

The mechanisms which modify pan morphlko include thos fo sin4eig"

1. iface diffusion from a urface souce

fr!II
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2. volume diffusion frvmt a surface source
3. volume diffusion from a grain-boundary source
4. grain-boundary diffusion from a grain-boundary source
5. volume diffusion from a dislocation source.

For HiPing, the following mechanism are operative 7-8:

6. plastic flow
7. power law creep
8. diffusional (Naban'o-Herring, Coble) creep

C
The first approach to moideling has been to add each mechanism's contribution

independently based upon assumed geometries a specific densities and stages of
compacon The problems associated with making this assumption am circumvented to
some extent by using the 7-filament geomemy, since the transition from cylindrical porosity
to closed spherical type porosity does not occur until the very last stace of consolidation
[Figure 6A], where the cylindrical pore pinches off as various points along the sample (and
filament) axis This simplifies manes somewhaztbu some intaction still does occur
between mechanisms at various stages of compaction. For example, the effect of
dislocation motion by plastic yielding ad power law caep can clearly affect Cole creep
via a dislocation/gramn-boundary interaction. Henc, the dislocations generated by
mechanisms (6) and (7 will enhance mechanism (5).

Additionally. since composite materials generally requiemor tim temperatre or
pressur to HIP to full density 9. the constrining effect of a reinforcing constituient mus be
studied The 7-fiament gemoeb is ideally sutend to study these densification-inlibiting
effects associated with the; Ptw of renforcing constituen

lering's scaling laws t 10 m be judiciously applied. wheo the entir driving force
for consolidation is considered Though these laws ignore ieratons arnong
consolidation mechanisam, they cm be eaely usefu ifwoe mechanism strongly
demitiate the consolidation y 0 11IL Me scaling law analysis defnes the ratio of times for
two diffrePnt sizd ma6 R, ad R2 (4)R,). to reach identical gemetries (sam Ape -

different size). For platic flow and creep, th e tributio of he swface eneru to the)
ooWe driving force ta gemeraily sul aNuimig to be iguwud umning
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At2 =%-AtI

at constant hydrostatic pressure.

Surface diffusirn is independent of stress and Herring's analysis, modified for

cylinders, applies:

At 2 = &

Grain boundary has the same derivation as surface stress but the form of the driving
force is (y/R + P) so that

holds as long as (y + PR) is held constant. Here y is the surface energy, P is applied

hydrostatic pressure and R is the original particle radius. As with plastic flow, at HIP

pressures the surface energy contributioa to the driving force is small, so that the

experiment is essentially performed at constant pressure.

Volume diffusion should scale as

At2 - 3 Atl

Therefore, while the analysis provides an insight on the domimat diffusion mechanism in
densificadon (surface diffusion is non-densifying) it is clearly seen that an observation of

geomeic similarity at constnt conditions of pressure, temperatu, and time is indicative

of plasmc flow or creep effects.

I.E

Nl
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HOT TRIAXIAL COMPACTION

0
Ther is anecdotal evidence to indicare that imposing a shear stress in addition to

hydrostatic stress during powder compaction will not only enhance densification but also

imporve the fracture resistance of the resulting compact. The first of these triaxial

compaction (shear + hydrostatic stress) studies is that of Koerner t 1, whose Mohr's circle

representation of the stress states and deformation paths obtainable using cold triaxial

compaction is illustrated in Figure 8. For hot triaxial compaction, the potential range of

defcrmation/temperature paths is considerably increaseAi. as is illustrated in Fig. . 9.

However, none of the previous investigators of hot and cold triaxial compaction has been

able to contro! the temperature, shear stress, and hyd.ostatic stress independently, i.e.,

actually impose the sequence of processing conditions represented by Figure 9. It was this

need for independent control of temperame, shear stress, and hydrostatic stress during the

co!nIon of particulases n ompoie that motivated us to design and fabricate our first

generation hot triaxial compaction unit as described in the next section. This fairly rapid

triaxial compaction has the capability of:

* preserving unstable mi by compacting at lower

temperatures, i.e., trading shear stress for temperature to achieve 0

comparable densities.
" enhancing compact prqornes at comparable densities by powting

intepaticle shear during compaiction.
Sminimizing fiber frncture during particulae/fiber ccnposite compaction

by enhancing the flow of the pariculate matrix during conpaction.
" m,imizing the faiw t stable spherical pores by minimizing

thrm' expum.

* enhancing the fratu resistane of strctul ceramcs by reducing the
scale of the defxct geonmtry.

Mwe design and coaructixa of the special HIP (hot Iriaxial compacticm) unit has
been the principal effort io date. The desip of this unit essentially involves a judicious
combination of established chne gies cecumd in a nove mnne. Mh vessel waling
and foce applicatio bonow suugly bfn es t c chnoloy. An in line load c ll
and hydraulic cowol system [Figuses 10 and 11] with safety interlocks was designed and

built with the help of John Richoor and Co. Te vessel opmues at pressures of up to

/

/
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60,000 psi while at the same time impobing an axial force of up to 50.000 lb and reaching

the temperature leveLi described below.

The first furnace module, based on MT technology, is currently being tested and is

expected to operate to 10000 C. A second design, similar to that used in rock mechanics

testing equipment 1Z13 and capable of reaching temperatures of up to 1400° C, is currently

under construction. The need to restrict conductive heat transfer made it necessary to

design and fabricate alumina forging surtces with a load train comprised of both alum'ia

rd zirconia. Both furnaces provide a 2-1/8" diameter x 1-1/2" high hot zone with a 1-

1/2" stroke capability at forces up to 50,000 lbs and pressures of up to 60,000 psi.

The initial specimens are being prepared using glass encapsulation techniques. The

specimens dimensions are 1" diameter and at least 1" high, which will provide a

reasonable specimen size for subsize tensile, bend, Charpy, and fatigue tests.

A

ram
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Future Efforts

Ashby's hot isostatic pressing diagrams provide a useful compilation, organization,

and modeling of the HIP consolidation performed to date. The equations for this analysis

are given in reference 1 (Appendix 1). Future analytical efforts will be directed at

modifying these maps to include the effects of imposing a shear stress in addition to a
hydrostatic stress durng the compaction process.

Examining the cracked fibers shown in Figures 5A and 7A leads us to suspect that

they occurred during processing. Certainly fibers are damaged during extrusion 14.15

and in forging of fully dense composites 9. In the latter case, fiber to fiber contact was

seen to precipitate fracture of tungsten wires in a superalloy matrix.

TEM studies ae being initiated to examine the local diicrtructural changes during

HIP and relate them to the opative mechanisms.

One accepted and one submitted abstract of future presentations are contained in

Appendix II.
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I

I

FIG. 1: Idealized geometry for physical model of
powder consolidation. The tube is evacuated and the

• ends are TIG welded prior to HIP cycle.

I



70

FIG. 2: Ti-6AL-4V filaments consolidated at 750 C and
15,000 psi in a CP Titanium tube.Prior Particle
Boundaries (PPBs) show small amounts of residual
porosity.
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FIG. 3: CP Titanium filament with SiC SCS-6

0 reinforcement colsolidated at 650 C and 10,000 psi.
Pores are sharply cusped at final stages indicating
dominance of dislocation type densification
mechanisms.Pores around SCS-6 fiber show high
variability in closure rate where matrix pores disiplay
narrow size distribution.
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FIG. 6 A: Matrix Pore.
FIG. 6 B: Residual Porosity is observed on PPB's.
(650 C and 10,000 psi)
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FIG. 7 A, 7 B: Adjacent filaments constrain
consolidation. SCS-6 fiber damage apears to be
processing related.
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TRIAXIAL STRESS STATES AND

DEFORMATION PATHS USED BY KOERNER

Maximumma Show Sie
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FIG. 8: Triaxial Processing Paths.



77

S

TRIA'XIAL STRESS/TEMPERATURE PATHS

OBTAINABLE USING HOT TRIAXIAL COMPACTION

Tempe rature

FIG 9: Hot Triaxial Processing Paths.
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Hot Triaxial Consolidation of Powder Compacts:
H. R. Piehler, D. M. Watkns, M. A. Khuni, Canegie Mellon University,
Pittsburgh, Pa. 15213

Triaxi consolidation of powders has been studied in a hot isostatic press (HIP)
modified to impose an additional axial compressive force. The uniaxial
compressive force imbalances the hydrostatic stress state and superimposes a
shear stress during compaction. This nove! procfss allows for fully general
loading on the compact in that the shear and hydrostatic components may be
controlled independently. Triaxial compaction differs from sinter forging where 0
the shear and hydrostcc components are inherently coupled during compaction.
Increased densification and improved mechanical properties have been observed
in metallic and ceramic powders consolidated with shear superimposed on the
conventional hydrosttic stress. Effects of processing paths involving different
trajectories in tempera-wre, pressure, and shear stress space are described. Initial
experimiental results for model systems, Ti-6A1-4V and ceramics, consolidated
for a range of processing trajectories and rates are presented and discussed in
terms of the operative micromechanisms and macroscopic flow during
consolidation.

To be presented at the TMS Annual Meeting. Fomaing of Advanced Materials,
Las Vegas, Feb. 28, 1989.
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Hot Triaxial Compaction: A First Report on
Shear Plus Hydrostatic Pressing Diagrams

and Initial Experimental Results

Henry R. Piehler and Daniel M. Watkins
Professor and Graduate Student, respectively

Deformation Processing Laboratory
Depxtn of Metallurgical Engineering & Materials Science

Carnegie Institute of Technology
Canegie Mellon University
Pittsburgh, PA 15213-3890

Described herein is a novel compaction process, hot utiaxial compaction, which
utilizes controlled levels of both shear and hydrostatic stress to consolidate compacts at
elevated temperaturcs. The shear component is imposed by applying an axial force (tension
or compression) via a ram and movable seal in a modified hot isostatic pressing (HIPing)
unit. This hot uiaxial compaction system is capable of achieving a pressure of 60,000 psi,
a temperature of 12000 C, and an axial force of 50,000 lb.

The principal benefits of hot triaxially compacting monolithic materials are enhanced
densification (at constant time, temperature, and pressure) resulting from shear-induced
deformation as well as enhanced peformance in the resulting compact. Enhanced
performance can result from improved particle bonding caused by increased shear-induced
interparicle sliding during compaction. In addition, enhanced performance can be achieved
by retarding the decomposition of unstable microstructures by triaxially compacting at
lower temperatures than those required to achieve the same density using conventional
HIPing; in essence, trading shear stress for temperature to achieve the same density. Hot
triaxial compaction of composites can also be used to reduce the extent of reaction zones by
compacting at lower temperatures to achieve comparable densities, again trading shear
stress for temperature. In addition, hot triaxial compaction of powder-matrix short fiber
composites should reduce fiber fracture during consolidation because of the enhanced
plasticity of the matrix compared to that dunLig HiPing.

The effect of shear suess on the identification of the dominant densificatm
mechanism is characteriz d by modifying the traditional hot pressing diagrams to include
shear stress as a third dimension. Some initial results for these shear plus hydrostatic
pressing diagrams are presented.

Initial results for hot triaxially compacted composites fabricated using short SiC
fibers and Ti-6AI-4V powders are presented as well.

Submitted for presentation at the: Second International Conference on "Hot
Isostatic Pressing - Theory and Applications"
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TASK 2
High Temperature Structural Materials

H.J. Rack, Investigator

Task 2 of the URI on High-Temperature Metal Matrix Composites, the task title of which is
"Modeling of Consolidation and Deformation Processing of Composites", is being conducted at
Clemson University, and has three sub-tasks. The Annual Report for this Task consists of
separate summaries for each of the three sub-task projects. They are listed below, with the tides of
the summaries reflecting the topics of the individual projects. The first sub-task addresses the need
to understand and improve interfacial behavior and control of bonding between reinforcements and
matrix in metal matrix comrposites. The second is a preliminary investigation of titanium aluminide
alloys, including those of Ti-AI-V composition as well as the more widely studied Ti-Al-Nb-V
alloys, with the intent to apply this knowledge to development of aluninide-matrix composites.
The third sub-task is a study of a model composite, TiC reinforced Inconel 718, in which the
matrix alloy is a well-studied and widely-used nickel-base superalloy of intermediate temperature
capability, and with particulate reinforcements of TiC, which is relatively stable in 718.

SUB-TASK 1
"Inerfacial Modification in Metal Matrix Composites"
J.P. Clement, K.T. Wu, H.G. Spencer and H.J. Rack 92

SUB-TASK 2
"Elevated Temperature Plastic Flow and Fracture of Multi-phase Alloys and Composites"
E. F. Wachtel, J. Wung and HJ. Rack 125

SUB-TASK 3
"Phase Stability and Aging Response of TiC Reinforced Inconel 718"
E. F. Wachtel ond Hi. Rack 135

/
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INTRODUCTION

The influence of exposure temperature and time ca fiber-matrix

interactions in metal matrix composites has been examined for almost twenty

years. Repeated thermodynamic calculations indicate that fiber-matrix

reactions are the rule, rather than the exception. Calculations shown in

Figure 1 illustrate, for example, that reactions of elemental C(graphite)

with elemental Al and Ti are thermodynamically favored over a wide range of V .
temperatures. Furthermore, A14C3 formation at a graphite(C)/Al interface

results in a marked reduction in the fiber's strength1 . Exposure of PITCH

and PAN-based graphite fibers to molten aluminum at 680*C for two minutes

results in a decrease of 10 and 50 percent, respectively, in the fiber's

tensile strength2 .

Investigations of both Al and Ti-based continuously reinforced metal

matrix composites do suggest however that the details of reaction layer

grouth are system specific, as summarized for Ti-based metal matrix

composites in Table 1. In addition, exaainatior of the SiC/Ti results show

that these reactions are extremely sensitive to fiber pre-treatment. For

example, the introduction of a C-rich layer drastically reduces the rate of

layer growth in SIC reinforced compositas . However, once this C-rich region

is consumed, the rate of growth returns to that of the uncoated fiber5 .

Unfortunately, this sensitivity also makes direct comparisons and

correlations between systems, and between different investigators extremely

difficult. For example, Tressler at. el.9 suggested that the reactivity of

selected fibers with a Ti-40A matrix could be rated in the order, from

highost to lowest, SiC-A1203-B, while Tennedy and Geschind's results
10

suggest that this order should be A1203-3-SIC for reactions observed in a

similar TI-70A matrix.
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TABLE 1

L. ~Interfacial Reactions in Continuous Fiber Reinforced
Titanium Metal Matrix Composites

System Max. Reaction Reaction Products Ref.
Temp. (C)/Time~h)

SiC/Ti-6Al-4V 1000/(a) Ti5Si3CTiC)/TiC 3
SiC/Ti-6Al-4V 955/10 (a) 4
SiC(SCS-6)/Ti-6A1-4V 900/100 TiC,Ti5Si3/TiC'TiSSi3)/Ti5Si3  5
SiC /Ti 1150/8 TiC 6
SiC/Ti-6Al-4V 950/1 TiC/Ti5Si3  7

Al 03/Ti T13Al/Ti0-type (Ti,A1)203  8
/Ti-6Al-4V "8.9

/Ti-8A1-1V-l~o 926/70 8
/Ti-6A1-2Sn-4Zr-2lo 926/ 70 "8

/70A, 75A 1000/100 (T13Al/Ti2Al/TiAl) 10

B/Ti-40A 1038/7000 TiB2  11
/Ti-75A o

B/Ti-Si,Sn,Cu,Cr,Al, 760/100
* Mo,Zr,V (b)

Borsic/Ti-6A1-4V 955/10 ()4

B4C-B/Ti-6A1-4V 955/ 10 (a) 4

W/Ti-75A 1000/!00 Ti-W Eutectoid 10
/Ti-75A 930/ 11

C/Ti-70A (a) TiC 10

(a) NG-Not reported

(b) Exact composition not given

While the details of fiber preparation, prior to incorporation into a

metal matrix composite. have often not been provided, the kinetics of layer

grow.th, once this layer has been established, has been found to obey a

parabolic rat* law, where the thickness, a, of the reaction layer can be

described as a function of the exposure time,. t, by,12'1 3

na (exp (-Q/RT)j t
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where n, the parabolic index is A function of matrix crystal structure, K is

a zonstant whose value depends upon the matrix composition and crystal

structure and includes diffusional pre-exponential terms, Q Is the activation

energy, R is the gas constant ana T is the absolute temperature. Detailed

examinaticn of kinetic data sugge ts that it should be possible to develop

either a matrix composition or interfacial barrier coating which retards

f .bec-:.,trix iteractions.

Two previou3 attempts utilizing the former approach in Ti-based metal

matrix composites have been reported1 2'1 4. Metcalf end Klein1 2 found that A

isomorphous alloying additions were most effective in retarding fiber-matrix

interactions. Guzei et. al.'s more recent study 14 has reinforced this

conclusion and has suggested that the search for ccompatible titanium matrices

be extended "outside the a + A region".

Alternatively, fiber surface coatings have attracted detailed attention.

Coatings have been designed to promote wetting, while simultaneously

provide a barrier against excessive fiber-matrix Interaction. These coatings

may, in addition, facilitate load transfer between the matrix and the fibers

and could, in theory, serve as mechanical fuses to isolate, by interface

delamination, any Impinging reaction sone cracks.

Of necessity, the coating should be homognvia and have a mnimal

thickness. The latter criteria is particularly Important since previous

studies have shown that the tensile strength of coated fibers decrease with

increasing layer thickness 15 "19 . Finally, the coatiags' coefficient of

thermal expansion should be tailored to that of the matrix i order to

minimize residual stresses at the fiber-matrix interface.

Many fiber coating techniques have been examined. For example, TiC and

TiI 2 coatings on C and C as SiC have been applied successfully by chemical
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vapor deposition (CVD), and most continuous metal matrix composites are

produced utilizing this approach 20 .2 1. The coatings produced by CVD have been

found to effectively promote wetting and bonding between, for example, SiC
and A1/Mg/Ti22 ,23, graphite fibers and Al/Kg24 ,25. TiB2 coatings are

effective because they mitigate the reaction between graphite and the metal

matrix, B on the C surface reducing the number of available active sites for

the reaction 26 :

Al + C -> A14C3.

In contrast, TiC coatings are thermodynamically stable with respect to A14C3

formation2 7.

Although CVD processing has been successfully utilized for both C and

SiC fibers, it is limited in the barrier compositions that can be applied.

Furthermore, at least for C fibers, the TiB 2 coating is not air stable.

Recently, Katzman et al. 2 1,28 - 30 , have reported the development of a

simpler method for producing an air stable C fiber coating. The coating

procedure utilizes a sol-gel process, whereby C fibers are passed through an

organometallic solution, the organomsetallic compounds pyrolyzed or hydrolyzed

to form an SiO 2 metal oxide coating.

This approach appears to offer a major advance over CVD processes and is

the basis for the research reported herein. Emphasiz, in this invastigati.-n

has been placed on TiO2 sol coating of C fibers for inclusion in either an Al

or a high temperature titanium aluminide matrix.

EXPERIMENTAL PROCEDURES

Two sol-gel coating strategies have been pursued In this investigation.

The first involved hydrolysis of metal ions dissolved in acidic water
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solutions. Following dissolution, the pH was increased, as the pH increased

the degree of polymerization of the hydrous metal oxide increased, the

polymer solubility decreased and a gel was formed.

Continued increase of the pH however contributed to floc formation,

i.e., aggregation of primary particles. Coating of a surface with a

con : uous uniform thickness of hydroxide requires that gelation be

in tcepted prior to floc formation. Unfortunately, initial experiments

using glass slides and carboa fibers produced coatings that appeared to be

collection of flocs, that is individual particles, rather than a uniform

coating. Attempts to overcome this barrier by utilizing very dilute metal

icn concentration, e.g., 10-4 ", were also unsuccessful. Further study

utilizing a metal alkoxide in an alcohol solvent suggests that floc formation

is catalyzed by H20, therefore future attempts to develop directly

hydrolysized sols will be directed towards non-aqueous solvents.9
The second strategy utilized in this study involved synthesis of metal

oxides from metal alkoxides in non-aqueous solvents; the more common sol-gel

procedure. TiO2 sol coatings were selected for study in this investigation.

This selection was based upon the thermodynamic stability of TiO2 with

respect to TIC formation, see Table 2, the known ability of Ti to enhance the

wettability between metals and cermics31 ,32 , and finally its ready

availability in the form of a metal alkoxide precursor, titanium isopropoxide

(TIP).

Early experiments indicated that control of environment is extremely

critical in controlling the hydrolysis reaction, indeed the reaction appears

to be initiated by atmospheric moisture. Therefore, all coating experiments

were performed in a nitrogen controlled atmosphere dry boa, Figure 2.
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Table 2

Thermodynamic Stability of Selected Oxides with

Respect to Carbide Formation

4---------------------------------

Oxide Temp. (°C)
* a Eor AG=0

4---------------------------4-

A1203 1925

HfO2  1750

ZrO 2  1730

SiO2  1475

TiO2  1200

Glass slides were utilized for many of the initial coating experiments.

These slides had previously been cleaned followir the procedures outlined in

Table 3. These experiments were supplemented by coating C vapor deposited

slides, the latter intended to simulate a C fiber surface. Finally, coatin

Table 3

Glass Slide Cleaning Procedure

- Rinse with water

- Immrse in approximately 3H nitric acid

- Rinse with Vater

- Immrse in isopropanol

- Store
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trials were performed utilizing unsized high strength PAN and PITCH base

carbon fibers, AMOCO T650/42 and AMOCO POOS, Figure 3. The mechanical and

physical properties of these uncoated fibers are listed in Table 4.

Table 4

Carbon Fiber Properties*

Fibers Tensile Young's Tensile Young's Density Diameter
Strength Moaulus Strength Modulus g/cc JAM

• KPsi MPsi MPsi GPa

T 300 522 34 3.6 234 1,77 6.8

T 650/42 760 44 5.2 304 1.80 5.1

* P 55S 275 55 1.9 380 2.15 10.1

P 100S 325 105 2.2 724 2.00 9.7
w All fibers are shear treated and unsized

Prior to actual coating, extensive investigations of solution stability

were undertaken. These studies included examinations of the role of

H20/alkoxide ratio, molarity, acid content and temperature on stability.

Solution stability was assessed by measurements of the solution's specific

viscosity and turbidity as a function of time.

All coating was performed utilizing a controlled dipping process where
9

the velocity of withdrawal from the coating solution was fixed. Following

dipping the coated samples were introduced into a humidity controlled oven at

60*C, so that the coatings were simultaneously aged, and in part dried.

Selection of this drying temperature, as well as the subsequent firing

temperature was based on preliminary 8DC and TGA evaluations, Figure 4.

These results revealed that drying occurs between room temperature and 200c,

with a maximum desorption of the solvents at 125eC. Above 200C, the
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desorption of the solvents is complete, the constant slope on the DSC curve

probably being due to the carbonization of the remaining OR groups. The TGA

observations confirm that the maximum weight loss, 25 percent, occurs during

drying, with the weight loss between 2000C and 4000C being smaller,

approximately 5 percent. Above 400 0C the weight loss is negligible.

Following drying, coated samples were fired at 300C for 15 minutes to

complete the conversion of the coating from a gel to a ceramic, this

transformation being confirmed by X-ray analysis.

Coating thickness was assessed, both prior to firing and following

firing, utilizing UV spectroscopy and Fizeau interferometry. in addition,

coating uniformity was assessed by scanning electron microscopy, assisted by

EDAX chemical analysis.

Finally, qualitative changes in fiber wettability, as influenced by

coating, were evaluated by liquid metal vacuum infiltration of C fiber

preforms by pure aluminum. This procedure used a special pressurized

autoclave, Figure 5. Operationally, this procedure utilizes pressurized gas

to force molten metal into a fiber preform, the threshold pressure for

infiltration initiation being correlated with the wettability 33 . For

example, Pc, the capillary pressure necessary to raise a liquid column in a

capillary of radius, r, is be given by:

Pc 2 * TIv * Cos )/ r

where TIv is the liquid-vapor interfacial energy, and 0 is the vetting angle.

When liquid is forced through the fiber preform by an applied pressure, a

threshold pressure must be exceeded before flow commnces. This threshold

pressure can be measured and converted into contact angle values by replacing

r with the hydraulic radius rh (rh - volume of liquid in the pore space

divided by the wetted area)34 .
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Optical and transmission electron microscopy were also utilized to

examine fiber-metal interactions in these pressure infiltrated compositesS
containing coated and uncoated fibers.

RESULTS

* Solution Stabiliy

Figure 6 shows that increasing H20 content, et fixed titanium

isopropoxide (TIP) molarity, does not have a marked effe.t on the rate of

* change in turbidity with solution aging time. However, increased H20 content

does drastically decrease the solution stability, the latter being defined as

the time required for a step-wise change in the turbidity. Visual

* observations confirmed that this step-wise change is associated with a

clouding of the solution, presu-ably thru the agglomeration of colloidal

particles.

* Solution stability can also be controlled by altering the acid

concentration and solu'.ion temperature, Figures 7 and 8, respectively. For

example, increasing the acid concentration to 2.8 x 10- 3 a/l, at a fixed TIP

* molarity and fixed TIP to H20 ratio, increases the solution stability from

less than 1 hr. to greater than 3 hrs. Further, decreasing the solution

temperature from 40C to 20*C, increases the solution stability from

* approximately 26 minutes to approximately 45 minutes. Based on these results

a solution chemistry of TIP a 0.3 m/l, an acid content of S z 10- 3 a/1 and a

TIP to H20 ratio of 10, operated at 30C, were selected for coating

* evaluation.

Coatina Evaluation

As described previously, coating evaluation involved vertical withdrawal

*of cleaned glass slides from the TIP solution. Figure 9 shows that as the

S..
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speed of the withdrawal increases, at least within the ranae of withdrawal

speeds examined in this study, the thickness of the coating produced

increases. Furthermore, this data indicates that an approximate 30 percent

reduction in thickness should be expected when a dried coating is fired. For

instance, the thickness of a coating that had been dried for 10 min. at 600C,

decreased from 120no to 104nm when fired at 300% for 15 minutes. The use of

higher firing temperatures, e.g., 5000C versus 300*C, only slightly alter

(densification, sintering) the final coating thickness.

Coating thiiknesses can also be controlled by altering the TIP

concentration and the number of dips, Figures 10 and 11. For example,

increasing either the solution molarity or the number of dips increases the

coating thickness. Figure 11 further suggests that the original surface

energy has a role, albeit a seemingly secondary one, on the coating thickness.

The initial dip resulted in a surface coating thickness of 25nm, while each

subsequent dip resulted in an increase in thickness of 45nm. Similar

conclusions can be mach from the C coated slides, where under identical

conditions, fired sol coatings were thinner than might be expected from the

clear glass slide results.

Cirbon Fiber Coatine

Carbon fiber coating utilized the dipping procedures previously

established for the glass slides, with the fibers being dipped as tows, 12000

filaments for the PAN base and 2000 filaments for the Pitch base fibers.

Initially the withdrawal speed was 24 ca/mIn, and the alkoxide concentration

was TIP - 0.3 mol/l. Although these conditions had previously produced SOnm

crack free uniform coatings on carbon coated glass slides, the fiber tows

were not coated uniformly, the dipping solution being trapped between fibers

by capillary forces. As a result, coatings after drying were much thicker
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and many fibers were &lued to each other by metal hydroxide bridges, Figure

12. Firing caused these coatings to crack.

Reduction of the solution concentration to 0.03mol/l completely

eliminated the formation of bridges, Figure 13, with the presence of TiO2 on

the fiber surface being confirmed by EDAX analysis, Figure 14.

Finally, Figure 15 demonstrates the qualitative enhancement in fiber

wettability that can be achieved by sol coating of the graphite fibers.

Uncoated fibers tend to clump during pressure infiltration, Figure 15(a),

while coated fibers are dispersed within the pure Al matrix, Figure 15(b).

DISCUSSION

Metal alkoxides are known to react vigorously with water to produce

metal hydroxides. The reactions are complex but can be represented for

simplicity in two steps.

Hydrolysis

M-ORJn + H20 ---> M(OR)n.1 (OH) + R(OH)

Condensation

dealcoholation

M(OR)n + M(OR)nl (OH) ---> M20(OR)2n.2 + R(OH)

dehydration

N(OR)n. (OH) + N(OR)n.2 (OH) -> M20(OR)2n.2 + R20

These reactions occur simultaneously making it difficult to separate the

hydrolysis and condensation steps, with the overall reaction being:

?I(OR)n + (n/2)H20 -> 4On/2 4n(OH)

In analogy with S10 2 sole, the hydrolysis-ccndensation of titanium

isopropoxide (TIP) is expected to yield an oxide network, i.e.,

I
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Ti-OP - 20 --- > Ti-OH + R(OH)

Ti-OH + RO-Ti ---> Ti-O-Ti + R(OH)

Ti-OH + OH-Ti ---> Ti-O-Ti + H20

with the degree of polymerization being controlled by TIP to H20 ratio,

solution molarity, temperature and acid content. In general, the degree of

polymerization in TIP sols appears to be controlled by the TIP to H20 ratio

as long the ratio is less than the stoichiometric value 35 . The coating

microstructure will, in turn, depend on the pH of the solution. If an acid,

as in the present investigation, is used as a catalyst the polymer chains

grow in a more linear fashion; therefore, the final polymer film will cover

the substrate more efficiently and will be less likely to crack. In

contrast, if a base had been added to the solution the final coating would

have been more like a jutaposition of particles loosely attached. The

coating would, therefore, have been more porous and mo:e sensitive to

cracking 36 .

The turbidity results further suggest that as the TIP solution ages the

degree of polymerization increases with the sol being converted to a polymer

network with more and more crosslinks. Mximun coating efficiency, that is

the development of a thin uniform coating, is associated with partically aged

TIP solutions. Once coat-i, evaporation of the solvent, drying, can be

started at any time. During this stage the polymer network shrinks as fast

as the solvent evaporates. If the network is not stiff enough, i.e., it has

not teen aged long enough, it will collapse and crack during drying. Because

it increases the coating strength, aging before drying also presents one

method of minimizing the coatings' tendency to crack.

Further, the current study has shown that air stable TiO 2 coated C

fibers may be formed at low temperature, that is all processing being carried
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out at temperatures below 300°C. By controlling the solution concentration,

pH, temperature, and time of immersion it is possible to control the

uniformity and the thirckness of the resultant oxide coating. A given

thickness can be obtained many different ways, for example, multiple dipping

in a low alkoxide concentration solution.

Finally, preliminary data suggests that TiO 2 coatings can enhance the

wettabiliLy of C fibers. Currently ongoing transmission electron microscopy

is designed to examine what, and to what extent reactions way have occurred

dtrin 3 preznure infiltration of TiO coated C fibes.
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INTRODUCTION

Ordered intermetallic compounds, for example, TiAl, Ti3Al, NiAl, Ni3Al,

offer great potential for elevated temperature application as either

xonolithic alloys cr as matrix materials for fiber reinforced metal matrix

compcsites. To date their application has, however, been limited by their 6
rather low room and elevated temperature ductility and fracture toughness.

Blenkensopl has reported that it may be possible to enhance both the low and

high temperature ductility of intermetallic compounds through the

introduction of a controlled amount of a dispersed softer phase, 0 phase for

the specific example of Ti3AI. In addition, numerous studies of ceramic

materials have shown that it is possible to enhance the fractur& toughness of

brittle materials through the introduction of a second brittle phase, for

example, SiC whiskers in A1203 , where, in this instance, the brittle second

phase serves to locally deflect propagating cracks2 ,3 . In both

illuscrations, it is clear that the effectiveness of these toughening

mechanicms will be critically dependent on achieving a uniform dispersion of

the second phase. Attainment of this uniform dispersion in candidate

intermetallic systems will require that we develop a detailed understanding

of the elevated temperature high strain deformation behavior of these

multi-phase materials. This investigation is aimed at achieving this
6

fundamental understanding, utilizing selected titanium aluminide alloys as

experimental model materials.

EXPERIMENTAL APPROACH AND RESULTS

Table I lists the alloys being utilized in the present investigation.

The alloys may be broadly divided into two types, Group I based on a

62-Ti3Al, D019 ordered HCP, matrix and Group 2 based on a I-TiAl, LI0
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TABLE 1

ALLOY CHEMICAL COMPOSITIONSS

Alloy Designation Element(Wt. Pct)

Al Nb V Mo Fe C 0 N

11 14.25 21.3 - - 0.05 0.18 0.09 0.012

12 14.6 20.0 3.3 2.1 0.08 0.03 0.08 -

13 20 - 5 - - - - -
a

14 20 - 12 - - - - -

15 27.5 - 5 - - - - -

S
21 30 - 5 - - - - -

22 30 - 9 - - - - -

23 30 - 20 - - - - -

ordered FCT, matrix. Selection of Ti-24 Al-11 Nb, alloy 11. and Ti-25 Al-10

Nb-3 V-I Mo, alloy 12, was based on their ready availability in ingot form

and importance as commercial or noar-comercial materials. Figure 1 shows

representative optical micrographs of these alloys as produced in 7500 lb.

ingots. The microstructure of alloy 11 consists of blocky a2 with a

background of extremely fine e2 and 0, while alloy 12 contains a transformed

42 and 0 microstructure.

The selection of the Ti-V-Al ternary alloys was based an a consideration

of the Ti-Al-V ternary phe* diagram as recently presented by Rashimoto at.

&l.3 , Figure 2. Six alloys are currently being prepared a" 15 kgs ingots and

were chosen to contain the following combinations of phases: 02- e2 + B, a2

+ , a2 + I, 1 + e2 and I + S. Following receipt of these alloys samples
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will be provided to J. Howe at Carnegie-Mellon for inclusion in his studies

of interfacial structures.
I,

Initially, elevated temperature phase equilibria studies are being

undertaken, utilizing differential scanning calorimetry (DSC) and elevated

temperature x-ray diffraction (ETX), the latter being conducted in

cooperation with the High Temperature Materials Laboratory at the Oak Ridge

National Laboratory. Preliminary results of the DSC studies for alloys 11

and 12 are shown in Figure 3. This data indicates that the 02 + B --- > B

transformation temperature for these alloys is 10200C and 1010C,

respectively. The former value of the 0 transus is in excellent agreement

with the pseudo Ti3Al-Nb binary diagram shown in Figure 4, while the decrease

ia B transus noted for alloy 12 is in keeping with the known effects of the

additional B stabilizing elements present in this alloy. Detailed analysis

of the other transformations suggested by the DSC results is underway

utilizing high temperature X-ray diffraction.

Compression samples, having a height to diameter ratio of 2.5 to 1. of

alloy 11 and 12 are currently being machined. These specimens will be

utilized to establish the influence of strain rate and temperature on the

flow properties, employing :onstant true strain rate compression procedures6 .

It should be noted that the diameter of the test specimen has been selected

to ensure polycrystalline deformation, that is the specimen diameter will, at

a minimum, be ten times the grain size.

Tests will be run on the closed-loop microcomputer controlled

servo-hydraulic MTS machine described in the First Annual Report, with the

test sample being rapidly cooled after testing using an integral gas quench

attachment to preserve the deformed structure.
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INTRODUCTI ON

Metal matrix composites (MMC's) are being developed to improve specific

stiffness, specific strength and high temperature performance. Theoretically

.MC's are intended to combine the high toughness and ductility of a metal

matrix with the high strength and stiffness of the ceramic reinforcing phase.

While most previous efforts have focused on Al and Mg matrix composites,

recent advdnces in material technology have resulted in the development of an

intermediate temperature MMC based on a matrix of Incone! 718.

Inconel 718 is a popular intermediate temperature (700*C) Ni-base

superalloy for aerospace and turbine disc applications. The alloy is

available in cast, wrought and powder metallurgy (P/N) forms, with the cast

product having slightly higher Ho content. Precipitation reactions in this

alloy, as depicted by the TTT diagram shown in Figure 1, have been studied

extensively, with the aging sequence teing,

SSS => => I" S>5

The V phase is a disc shaped, coherent precipitate with an ordered FCC

structure (L12 ) having a stoichiomatry based on the Ni3AI composition, with

titanius freely substituting for aluminum. I" is a mtastable, lens shaped,

coherent precipitate with an ordered body centered tetragonal crystal

structure (D022 ) having a staichiometry based on Ni3 N4 . Titanium and

possibly aluminum can substitute for the niobium. 6 is a stable, incoherent

precipitate with an orthorhombic structure (DOS), having a stoichiosetry

based on Ni3Nb.

It is generally agreed that the m"jor strengthening phase in Inconel 718

is gama double prime 1  This is anomalous to other nickel based

superalloys containing aluminum and titanium which are stronglened by a

Smame prie (1') precipitate reaction10 12 . While ' is detected in Inconol
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718, it is not considered to be the strengthening phase 6-9. Overaging of

Inconel 718 results from coarsening of the " precipitates and precipitation

of the delta phase. Studies of P/M alloys have shown that the precipitation

reactions are similar to those of the cast and wrought products 13' 14 .

Various carbides may also be present in the Inconel 718 system. These

include: an MC type (usually titanium or niobium carbide or carbo-nitride)

which has a random cubic morphology (titanium and niobium carbides are

mutually soluble in one another), a M6C type, which is derived from theS
decomposition of MC and which typically has a blocky, grain boundary

morphology, a M7C3 type which has a blocky intergranular morphology and a

fl23C6 type which forms from the decomposition of either MC or M7C 3 and has a

grain boundary platelet morphology. In addition to I" strengthering, various

investigators have suggested that niobium carbide (NbC) precipitation may

also enhance the properties of Inconel 7181,2,5,7,3,9,15. Carbide type,

distribution and morphology have been shown to affect properties,

particularly ductility and stress rupture 15 . Finally, the stability of

carbides and the solubility of carbon in Inconel 718 have been studied, with

th% solubility of carbon increasing substantially at temperatures greater

than 980C 1 5.

Previous experience with aluminum and magnesium matrix composites has

shown that precipitation reactions ay be altered by the presence of a

ceramic rainforcement 16 " 19 . This phenomenon is particularly pronounced in

system where the precipitation reactions exhibit heterogeneous nucleation.

Enhanced heterogeneous mucleation and growth of precipitates in this instance

is associated with a dislocation network, the network having developed in

response to the thermal strain associated with the mismatch In coefficient of

theral expansion between the matrix and reinforcement. Indeed. dislocation
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densities on the order of 1013/cm2 have been reported at the

matrix-reinforcement interface 20 .

It is well established that the V phase nucleates heterogeneously in

Inccnel 718. typically at extrinsic stacking faults or at intrinsic slip

dislocation4, 21,22 . " nucieation is intimately associated with existing V

precipitates7. In addition, niobium carbLde is reported to nucleate

heterogeneouslyl,2 7,23. Based on the above considerations, it would be

anticipated trat the aging kinetics of Inconal 718 sbould be affected by the

addition of a ceramic reinforcing phase.

The primary objet.tive of this study is to determine the effect the

addition of a reinforcing phase addition has on the precipitation reactions

and aging kinetics of an Inconel 718 matrix composite. A second objective is

to examine the stability of TiC as a reinforcing phase in this Ni base

superalloy.

EXPERIMENTAL PROCEDURES

The mazerials used in this study were: a P/M composite of Inconel 718

nominally reinforced with 20 volume percent TiC, P/M 718 and cast 718.

Compositions of the ingot and powder alloys are given in Table I. P/M and

Table I. Chemical Composition of Ingot and Powder

Element Ni Fe Cr "o Ti £1 Nb Mn Si

Powder 52.8 18.3 18.4 3.1 1.0 0.6 5.3 0.1 0.2

Ingot 52.5 18.7 18.3 3.1 1.0 0.6 5.4 0.1 0.1

composite billet fabrication involved wet blending of -200 mesh, gas atomized

powder with TiC particulate, drying and caning/evacuated in a mild steel

tA
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caa. Scanning electron micrographs and 14N icrotrac powder size

distzibutions for the Inconel 718 and Tic materials are shown in Figures 2

and 3, respectively. Compaction of the P! and composite materials was

achieved by hot isostatic pressing at 1150C for three hours at a pressure of

103 :APa, as depicted in Figure 4. Following compaction the billets were

extruded at 1040C with an extrusion ratio of 19:1. Fiaally. in order to

maiatain consistent thercnschanical processing history, the cast material

was subjected to the same hipping and extrusion treatment.

The microstructure of the PiM and cast caterials was initially examined

utilizing standard netailographic procedures. In addition, the composite

material's microstructure was extensively examined using a JEOL JS IC848

scanning electron microscope in the backscatter mode. Seai-quantitative

analysis of the various phases present in the backscatter micrographs was

doue using x-ray energy dispezsive spectroscopy (EDS), the system being

calbrated using a copper standard. A spot mode was utilized to analyze the

composition of the various phases observed in the TiC reinforced Inconel 718,

with a beam spot diameter of 0.02 ms.

Differential scanning calorimetry and Rc hardness measurements were used

to compare the precipitation reactions of the composite and the unreinforced

materials. The aging kinetics were examined by monitoring the hardness of

0.5 in. x 0.5 in. x 0.5 in. solution treated and quenched samples as a

function of isotherml aging time, from 0.5 to 1000 hours over aging

temperatures varying from 6SOC to 870C. The reported Re velues are the

average of three measurements made at each time-temperature combination.

Thin foil transmission electron microscopy studies are currently

underway to determine the location and nature of the precipitate reactions

and the type and extent of the matrix/reinforring phase Interfacial reaction.

S1
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Precipitates and reaction products are being analyzed using selected area

electron diffraction (SAED) and energy dispersive x-ray spectroscopy (EDS).

Five time - temperature combinations are being analyzed for the composite

material as fo'lows: 1. Super-saturated solid solution, as-quenched, 2.

Underaged, 6500C for 1 hour, 3. Peak aged, 760'C for 3 hours, 4. Age

softened, 870°C for 30 hours, and 5. Overaged, 870 0C for 300 hours.

In addition, elevated temperature tensile and stress rupture testing is

being performed in cooperation with DWA Composite Specialties, with selected

failed specimens being examined using SEN fractcgraphy techniques.

RESULTS

Figure 5 shows a typical SEN backscatter electron micrograph of the

1150*C solution treated composite. Three distinct phases are obvious in this

micrograph: light, grayish and black. A spectrum for the black phase,

identified as TiC, is shown in Figure 6. In general, TiC was randomly

distributed throughout the matrix with the volume fraction and the size being

lower than anticipated. Indeed, the average volume fraction of TIC, as

measured in the composite, was approximately five volume percent, with the

average particulate size ranging from 5 to 10 us. The spectrum for the gray

phase, a mixed carbide of Ti and Nb, probably a mixed MC type carbide, is

shown in Figure 7. This result is reasonable since both carbides have the

same structure (siuple cubic) and are completely soluble in one another

occupying various sites on a carbon sublattice. Finally, the spectrum for

the light, Inconel 718 mazrix, is shown in Figure S.

Preliminary differential scanning calorimetry observations are shown in

Figure 9. While P/N 718 exhibits a single relatively sharp peak at 8104C,

with indication of other peaks at 375, 6000 and 900C, the DSC trace for the
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TiC reinforced composite suggest the presence of peaks at 3750, 5500, and

10000C. Further experizents aimed at more precise determination of theb
reaction temperatures and the enthalpies of reaction are currently underway.

The results of the aging studies are shown in Figure 10. It is apparent

that the aging kinetics of the cast, P/M and composite materials are aI
distinct function of agirg temperature. Aging at 6300C re:ulrs in a gradual

increase in R. hardness in both the cast and P/M Inconel 718, with peak

hardness occurring after aging for 256 hrs. In contrast, aging of the TiC

reinforced composite is accelerated, with almost all aging response occurring

within the first hour, little increase in hardness being observed thereafter.

Further, little difference in aging response is noted after aging at 705*C,

overaging of all materials being observed at times greater than 4 hrs.

Increasing the aging temperature to 7600C once again allows separation

of the unreinforced and reinforced Inconel 718. At this aging temperature,I
overaging, that is a decrease in hardness, is delayed by the introduction of

the reinforcement, overaging being observed for aging time in excess of 32

h:s for the unreinforced materials, while overaging is only observed in theI
rkinforced alloy for aging times greater than 100 hrs.

Aging it 8150C results in overaging of all materials at times greater

than 0.5 hrs., with some evidence for a second aging peak being observed inI
the composite material. Indeed, this secondary aging peak is more pronounced

1L the composite material ed at 870*C, while only a slight degree of age

hardening is observed in the unreinforced alloys.I
A comparison of the elevated temperature tensile properties of

unreinforced and reinforced Inconel 718 are shown in Figures 11 and 12. The

former results indicate that there appears to be little Improvement in the

high temperature strength of Inconel 718 occacioned by the introduction of
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the TiC reinforcement. However, there is, independent of temperature, a

severe reduction of the tensile ductility associated with TiC reinforcement.

The failure mechanism of the unreinforced material is ductile rupture as seen

in Figure 13. Similarly in the composite material, the matrix material

exhibits some ductility as evidenced by localized dimpling while the
9

reinforcement fails by brittle cleavage as seen in Figure 14. Fractographic

evidence suggests that at least part of this reduction in tensile ductility

is directly related to TiC clumping, Figure 15.
6

Preliminary stress rupture properties of unreinforced and reinforced

Inconel 718 are shown in Figure 16. Once again, at least at the single

stress level and temperature examined to date, there appears to be no benefit
9

associated with TiC reinforcement of Inconel 718. Further creep and stress

rupture measurement are currently underway to substantiate these results over

a wider range of temperature and stress level.
9

DISCUSSION

It is hypothesized that the differences in aging response noted between

unreinforced and TiC reinforced Inconel 718 can be explained by considering 6

the thermal stability and redissolution of TiC during the P/H processing

sequence utilized in fabricating the composites currently under

investigation.

During elevated temperature compaction, extrusion and solution

treatment, TiC will therefore partially dissolve, the extent of dissolution

depending on exposure tim and temperature. It is further hypothesized that 9

on cooling Nb and Ti will combine at the Inconel/TiC interface forming mixed

MC carbides, with the resulting matrix being enriched in Ti and depleted of

Mb. Analytical transmission electron microscopy studies have have confirmed 9

A
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this hypothesis, precipitates of (Ti,Nb)C having been detected in the peak

aged material, Figure 17. The compositions determined by analytical TEN

confirm earlier SEM-EDS results but indicate that the actual Nb concentration

of the mixed carbides may be as high as 40 atomic percent.

Furthermore increases in Ti content thru, in the present instance,

dis.olut.ian of the riC reinforcement, will a.elerate the formation of T'

pcecipitates. In addition, increased matrix Ti content could promote the

formation of the t phase (Ni3Ti) which, while not normally observed in

Inconel 718, has been reported in other Ni-base superalloys having higher Ti

contents. Ve:ailed T1 studies are currently underday to verify these

hypothesis.

In addition to a difference in the kinotics, the magnitude of the aging

reaponse appears to bave been altered. The ratio of peak hardness to super

saturated solid solution hardness may be used to assess the magnitude of the

aging respcnse. For the unroinforced material, this ratio is an order of

magnitmde higher than the reinforced material. Further, the ratio of the

overaged hardness to the supersaturated solid solution hardness is an

indication of the stability of the system. kMain, an order of magnitude

diiference is seen between the unreinforced and the reinforced material. It

is believed Mat this affect may be due, in part, to the effectively low

concentration of Nb in the matrix, smaller coherency strains associated with

" and a smaller volume fraction of the A phase.

In an attempt to assess the stability of the composite, samples were

subjected to multiple solution treatment and aging sequences. The results of

the reversibility experiments are shown in Figure 18. These results show

that the aging behavior of the TiC reinforced ataerial is dependent on the

prior thermo-mechanical history of the material, one possible reason for this
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may involve the reaction between the matrix and the TiC. A more

comprehensive analysis of tais phenomenon is planned using DSC.

CONCLUSIONS

To date the follow-Lg conclusions may be drawn from this study of tho

aging behavior mnd stability of TiC reinforced Inconel 718.

1. The aging response :ma&nicude) and the aging kinetics (rate of

reaction) of the composite material are substantially different than

those of the unreinforced materials.

2. The matrix and reinforcement react to form a mixed MC carbide

(Ti/Nb)C which alters the matrix chemistry.

3. The alevate temperature strengths of TiC reinforced Inconel 718 are

at best equivalent to the unreinforced alloy, while the tensile

ductilities aze inferior.

SI
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Interfaclal Structure and Stability In Metal and
Intermetallic Matrix Composites (Year 2)

James M. Howe, Investigator

Research during the second year of this program concentrated
on achieving two objectives: i) complete the research on
microstructural evolution and measurement of residual strains in
AI!SiCw composites tdt was begun in the first year, and ii) begin
research on the structure and deformation of TiAI and Ti3 AI base
matrices, since these appear to be the most promising candidates
for future high-temperature composites. Excellent progress was
made in both aieas, as summarized below.

i) Microstructural Evolution Durin9g Heat Treatment and
flg~..rmatlcn In At/SiC

A detailed microstructural analysis of a 2124-Al/SiCw
composite during heat treatment and deformation was performed in
order to understand the role of the interface on the mechanical
properties. Results indicate that extensive precipitation of the S-
phase at the AI/SiCw interface during aging leads to cracking of SiC
whiskers during deformation. This, coupled with void formation at
SiC clusters, appears to be the major cause for the low ductility of
the composite. This research was presented at a symposium on
Composite Materials at the 44th Annual Meeting of the Electron
Microscopy Society of America in August, 1988 (Attachment I) and a
manuscript w3aS just completed for submission to Acta Metallurgica
(Attachment Ii).

ii) Measurement of Residual Stress In AISIC Comnosite

It has been suggested that residual stresses near the interface
in Al/SiCw composites cause accelerated aging and significant
strengthening, although these stresses have not been measured
directly. In this study, local residual strains (stresses) around SiCw
were measured using convergent-beam electron diffraction (CBED).
Results indicate that strains on the order of 0.2%, which correspond
to the macroscopic yield stress, are present near the interface and
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diminish to zero about 1 pm away. MeaC-,rement of the strains
required considerable development of the CBED technique. The
results are summarized in Attachment III and a maruscript is in 0
preparation for submission to Acta Metallurgica.

iii) Structure and Deformation of q.?/" Interface in TiAI
AJJ~o~y. c :

As an initial step toward understanding the role of interfacial
structure on deformation in TiAI alloys, a detailed microstructual
analysis of an ca./ alloy was performed. Results indicate that the
a2/." interface contains a dense array of a16<112> partial 0
dislocations wh;cn accommodate misfit and enable growth of and
the a2 and b phas6s. Deformation at high temperatures occurs by a
twinning mechanism, and twinning dislocations cut through both the
a2 and ' phases. This research was presented at a symposium on
Titanium: Surface and Interfaces at the World Materials Congress in a
September, 1988 and a manuscript was submitted to Metallurgical
Transactions A (Attachment IV).

iv) Structure and Deformation of aol1 Interface In TI3%AI .

The a2/ interface appears to play a critical role in the
deformation of Ti3 A! base alloys although little is known about the
structure of the interface. In order to understand Ti3 AI base 0
composites, a detailed microstructural examination of the a2/0
interface and deformation mechanisms in each phase has been
undertaken. A Ti-7Mo-16AI (at.%) alloy is being studied because of
the variety of ordered and disordered h.c.p./b.c.c. interfaces that can
be obtained in this system. As shown in Attachment V, rod-shaped
a2 precipitates have a Burgers orientation relationship with the 0
matrix and contain <c+a> misfit dislocations spaced about 10 nm
apart. Large-grain tensile 3pecimens are being deformed to
understand the role of this interface on deformation. •

v) Additional Presentations and Publications

An invited paper on High-Resolution TEM of Precipitate Growth
by Diffusional and Displacive Transformation Mechanisms was

/ I
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presented at the 44th Annual Meeting of E.M.S.A. and has been
accepted for publication in Ultramicroscopy (Attachment VI). This
worl, was partially supported under the present grant.

Plans for the Third Year

Ou.- experien'ce with the A/SiC composites has indicated that
it is difficult to understand the role of the interface on compcsite

properties because there are many f3ctors involved in a commercial
materiai. During the third year we plan to circumvent this problem
by faoricating bi-!ayer specimens of SiC and other ceramics with
TiA! and Al-alloy matrices, and examine the strength of these
intefacas as a function of heat treatment and interfacial reaction.
Detailed microstructural analyses of the interfaces will be
performed in order to understand the mechanisms of strength and
degradation. When high-quality composites based on TiAI become
available, we will compare the interfaces in these materials with
those in the bi-!ayer specimens. We will also continue to investigate
the role of the a2/, interface in deformation and begin to look at bi-
layar specimens of these alloys as well. The fiow-chart below
outlines the direction of this program to date.

Intefacial Structure and Stability in Metal
and Intermetallic Matrix Composites

James M. Howe

Measurement ol Residual Strain Microstructural Evolution During Heat
in At/SiC Composite by CBED Treatment and Deformation in AIiSiC

Steven J Rozeveld Gary J Mahon

Structure and Deformation of Structure and Deformation of
o,/ Interace i,, Ti 3 Al Alloys /Y Interface in TiAI Alloy

Steven i Rozav*id Gary J Mahon

Structure and Properties of

TiAI/Ceramic Interfaces

Gary J Mahon
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ATTACKMFNT I

C.Pgr 9 190h S&A 1 11- -P I n,. ho l. 60"A la.. hiiic., CA IWWI NMe. USA

* MICROSTRUCTURAL DEVELOPMEN" OUR:-C. HEAT TREATMENT AND DEFORMATION
OF AN ALUN'ilsi wV-SILIC)IN CARElCE COMPOSl1F

G. J1. Mahon rind J. M. How*

Department of Metallurgical Engineering and Materials Science. Carnegie Mellon
Unve' sity Pittsburgh. FA 152 13

Aluminum-S-C reinforced composilm 4'to is are currently being considered for
s;r;rur.%l 3pplications in the saa'opace indtL dry as a result of their increased
,:rcner~jsa stiffness agod redlu r density when compared with their monolithic
cour'erparts.1 Hcwever. the main drawba,- ef these materials as their tack of
terse ductility and a cscrease in fracture toughness.2 By deformorg Al-SiC
cornpo~ots nclei hydrostatic pressure the tensile ductility can be increased.3 This
enabler ch~irres ir mnicrostructurt to be .- stigastecl after a few percent strain, thus
proa. dog nformatior atout defolmation ,rthanisms in this class of mater.als.
Convntoriji tEM. technique% have been applied to study microstuciural
deveicipm 201 uring' both heat treatment and dillormation.

The material studied was AA2124 with 13vol.%SiC. commercially manufactured by
A19CO Chemicals using a process of hot compaction and extrusion. The material
was solut~ofli2d at 504 0C for 4 ht. quenched and aged at i7rC fot & IL. Tensille
ba-s -,ere $If&ned 3% parallel to the extriision direion under 100O ke hydrostatic
pres .are. TEM specimens wvere preoarect by ion-milling in a liquid nitrlogein cold-

age

During quenching from the solutionizirig temperature, dialocations we produced in
,he Altas a result oft the difference in thermal expansivity betweesn the fibers and
mab-ix (F~g. I). Furthermora. the disloca-.ions (A) were produced from the rorner of

*the SiC whisker. deimorstrafing that s, -h asper-t:as act as a stress concentrator.
Also note the helical dislocations (83) which issere formed by Condensation of excess
vacancies onto screw dislOcaltions.4 Thesi! helices were also associated with
Mn3 Cu2AI 70 iitermetallic particles which are distributed throughout the material. and
often teiminate at the patcte/miatrix interface.

Upon subseqlaent aging. S' precipitate*, form hitterogenesisously on the dislocations.
Since this phase occirs as laths which grow preferentially in the (100) A direction.5
one-third ot the precipitates can be seen end-on by imaging along (tOO),Ar igure2
shows helces dlerorated With these laths, and indicates that only one of the
ptrecipitate variants toorrs on d~stocations of any given Burgers vector. In the
regions closest to the whiskers whi~re the dislocation density is highest, individual
prec'pitates are not d'-st~i.guishable. Thus, the sl-ength of the matrix is likely to
vary coisideriosly oepending on proximity to ficers. since this will affect the
disiocator and S' precipitate densities. Coarse precipitation has also been

9observed at whiskeirmatrx interfaces. interiittallicimatrix iterfaces. and grain
bcundar ies.

After aeformaton. sevieral new features appear in the m icrostruct ure. The most
obv'0us ls cracking of the SiC vihiskLurs in a direction perpendicular to their long
axis IFig. 31. Some cracked -itermatillics are also found, onse of which is also
s~hown in Fig. 3. There is no matrix failure associated with these cracked particles.
Evidence h4as also been found for decohesion of matiASiC interfaces. even when
the nie'face Ilies atmost parallel to the tensile direction. Finally, ficeteo voids are
formed in constrained matrix between two or More wiskers (Fig. 41 and also at the
ends of apparently isolated fibears.6 Further work is being performed to establish
which of inese features develoo first, and whizh art critical in determining Ihe
fractaire charact.:iiCS of these materials.?
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%ficrostructuraI Development and the Effect of Interfacial

Precipitation on Deformation Under Hydrostatic Pressure

In an Alum In um/SI Icon-Carblde Composite
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ABSTRACT

A 2124 ANSIC whisker %composite was heat-trested to the same matrix hardness

In an underaged and overaged -onJdon, and tensile tests were performned at room pressure

and under hydrostatic presw~re. The averaged composite had a lower ultimet, tensile strength

and dcticlty, which .vas attributed to S-phasa preciptation at the AYSC, Interfaae. This

Interfacial precipitation Weads to increased load transfer to the whiakrs, resulting In edy failure

during testing. Hydrostatic pressiure does nod inrease the tensile ductilty, Indicating that failure

occurs by strain localizatlon. MbcoshxUtal examinatdon sggest tha such locatilon Is

probably due to cackting of SIC whisilers and void nuclealfon In constrained regions between

adpacent SIC wthskers
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1. INTRODUCTION

Aluminumf/slillcon-carbide composites are attracting much attention for potential4

aerospace applications as a result of Increased strength and decreased density when compared

with conventional Al alloys [1,2]. Howe er, the use of these materials Is limited by t!r low

* fracture tough: iess and ductil.ty. There has be-an much work done on this class of materials,

including examination at. (') the mncrostructura of the alloy's anid the effect of adding SIC on t!ho

* matrix [3,4], (ii) dis~locabon gengraticn In the matriA due to thd difference In coefficient of thermal

expaiisivity bxtwAeen the two phases [5-71, 1,111) precipitation In the matrix [8-14] and at Interfaces

115-181, (Iv) mic-romechanisms of failure [16-23], and (v) strengtning mechanisms In the

composites (24-30]. However, few If any of these studies have foflowed microstructural

evolution throughout the processing and deformatin stages In order to understand the

mechanical properties. As such, It Is difficult to generalize about mechanisms of deformation

and fracture In these materials and to determidne If many reported observations are system

specific.

While it Is commonly accepted that Interfaces play an Importnt role In the

mechanical properties of composite materials, there have been few Investigations which have

been able to Isolate the elects of Interfacial strenth on the r9sulting propertie This 13

primarily duie to the complex Interaction between the SIC reiforement and the age-hardening

matrices, since the aging behavior can change the matri s th ductility, and deformation

mect~hanism. as wel as the Mom f bonding, which In turn affect te overal composite

properties. In order to try and isolate the effect of Interfacial boning on the properties of an

AMSC,, composite, the folkorr study was undertaken. The mati of a 2124/SC, compose

131,32) was hest-beets lo nomninally the same hamn in an underaged and averaged

condition based on pubishedimlchardness curves (10]. Unrulnfod matel was also heat-

treated to the same nominal matri hardness, again In an underaged and averaged condton In

order lo verft tha tere was no chang in the WsnW* behavio of the matrix In twes two



conditions. TVA was also used to veiy tna! the reinforcement only acts to accelerate aging

and does not affect the resultant phiises or deformation mechanism. By having the same matrix

properties, any differences In deforma~tion behavio! of the reinforced materials 'n the underaged

and overaged conditions should be a resw.,o Oo tt change In interfacial strength.

In addition, defor-w-Jon stud!6s at room pressure and under hydrostatic pressure

we're -.erformed on this mnaterial it) order to understand the lack of ductflty. Deformation under

hydrostatic pressure has been shown ta Incroase tensile ductility In many alloy systems by

supressing void growth and coalescence, but without affectng the void nucleation stage [33,34J.

Thus, by apptlng a hydrostic presbare duting deforaton, there exists the potential for

extending duc-tilty In these materials In order to examidne deformation at laige strains than could

normaelly be achieved. This would lead to a detailed knowledge of void nucleation in these

clscorntinuosty reinforced composites.

The results presented here wil Include a detailed study of rnIcrostructurai

development In this alloy In order to Isolate the effects caused solely by the delformation, and

hence give a complete picture of mlcmstnjctura evokitlon during heat treatmen and

deformation. Suggestions are made for Improvements of the mechanical properts of this class

of materialL

2. EXPERIMENTAL

2. 1. Material

The material fow this Inveslgailon was mau actrd by ARCO Chiemica

Company using a methd of hot compaction and extrusion. Unreinforced and reinforced

rnateals were produced using Identical metho! as descried elsewhere [101 The matrix

alloy wras AA2124 (nomltaUl, 4 nt.% Cu, 2 at% Mg, 0.5 at% IAn) reinforce with 13.6 vol.% SIC

whss
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2.2. Heat Treabnent

The as-received materials were solutionized at 5040 C for 4 hcurs and quenched

Into Ice water. Subsequent aging wa3 carded out at I 7". The reinforced material was aged

for 2 hours (un:derged) and 8 hours (overaged); the unreinforced matenal for 4 hours

(underaged) and 14 nours (overaged), al of which produced a matrix hardness of about 94

Vickers DPH.

2.3. Deformation

Tensile specimens were produced with the tensile axis parallel to the extrusion

drection. Specimens were tested to failure, and a set from the reinforced materials were

stopped at 3% true strain. rho unreinforced alloy was also sectioned at 3% true strnn h

preparing a specimen from the necked region of the fractured material with the corresponding

reduced area. HydrostlUc pressures of 0.1 MPa (oom pressure) and 689 MFa (100 kai) were

applied during the tests.

2.4. Specimen Preparation

Specimen preparation was drsigned to ensure that disloatlons were not

produced by deformation and that there was no excessIve wpdmon testing. This was

achieved by cutting 2S0rn slices using a dannd blede and thinnig to 125 n-, an W0 gt SIC

paper. The reinforce; ,natedal was then further thinned on a Gatan dimpler to 301rn followed

by on-nilling at 5keV, 0.2mA per gun and 120 Incdet angle on a Getan dual-beam lon-mil

with a lquid-nitrogen cold stage. The undeformed nelva was taken from the ends of the

tensile spedmens to ensure the same heat trea'nerns had been applied In both cases. Tho

flnal stage of preparation for the unnenforced material was elct VO,s1ing In a Flactione twin-

jet polisher using a 1/3 nlbtc-2/3 methano Wulon at 15V and -30C.
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2.5. Microstructural Exaradon

Specimens were examnined In a Philps EM420 equipped with a STEM unit and a

PGT Energy Dispersive X-ray (EDX) analysis system. The microanalysis system was used to

provide qrualliave chemical :normatlon fromr the Al/SiC. Interface and for precipitate analsis.

Bright-field and wea%-bearn dark-fild TEM Images were obtained at 120 key using

conventional proceedures 1351.

3. RESULTS

3.11. MlcrOstuctural Development During Heat Tresatment

3.1.1. AltjninumiSlilcon-Carblde Composite

(I) As Quenched

Quenching of the composite ftom the soksdonhuin temperature pr'oduced the

type of dislocation distrbtion shown In Fig. 1. This weak-Lsem dark-field TEM Image shows

two type of dislocat:ions. One Is helces formed In the wmrx sighly away f1rom a-ld

occasilonally in contact with the SIC whisker These ae flormed as a nmsut condensalon of

excess vacancies onto preexisting screw dislocations (36,371 Slnd thus, mu~st be formed dwtng

the early stages of the quench, when the vacancies awe 9W1 IwrAAe The second "~ of

dislocations are #moe seen at the ends of SIC whiskers and which oftn appear to lerminate In

the AUVSIOW Interface at a corner (arrows In Fog. 1). These disloations an proauced as a resuf

of tho difference In coefficient of thermnal expansvty betwe the Nl malt and SIC whisker

15,61 and are presuabWliorme at a liempertre whee the vacancies ame esaenily

10101 is. The micrograph In Fi4 I shows that the corners, of the SIC whiskters adt as stress

conce bt'~s and assis In dislocaion gerwation There Is no evidence of discretle dislocaton

loops In tlhe microetnicure.
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(11) Underagod

After aging for 2 hours at 177100 there Is evidence of small precipitates on the

pre-exlstlrng disiccatlons, as shown int Fig. 2. However, it is very difficuit to detect extra

cifwaction sp4cts In the rIectron dlffracfllon pattern, preventing complete Identification of the

phase at this stage. When compared wEith the overaged nicrostructure, it Is most prmbably the

S' pnasa (AI 2CuMg).

(M.!) Overagsd

After 8 hours at 1770C, precipitation at dislocations Is well advanced Thais 

shown In F%. 3, where bright-field and centered dark-fid TEM image* demonstrate that

precipfttes compietely decorate the prior dislocations. nie diffraction pattern Is Consisent with

the S' phase [381 and this Is presumably the samne phase which was presnt In the underaged

condition. Since the S' phase occurs as laths which grow preferentially In the <100>m direction'

[39,40]. one-thid of the precipitates can be seen end-on by Imagin along <10>j From Fig. 3

It Is apparent that only one &et of vuuiants of S' Is nucleated on any particular dislocaion,

Indicating that the heterogeneous nucleatio of this phase occurs as a resuft of misfit

accommodationt by fth Burgers vector of the dislocation M41 Since the dislocations are

hieterogeneously cistrlbuted In the mnatrix as shown in Fig. 1, so wre Owe ag&-hardlening

precipitates-

The genral mnicroekucture produced afte soing 1r 8 hours Is likwistt In Fig.

4. This many-beam btight-fleld TEM mugs shows the extent of precipitation In the matrix and.

more significantly, the extensive precipitation d corating aWmo* fth eor* AMSC, Intlerface.

Qlv) Micanalysis of Interface

The Interdce clWnlsly In fte as-quenched mateie has been compared with

tOW in fth averaged condition using STEM and EDX microanals. A tvpical spectra hmr ft
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as-u-,ncted cond,'ficii Is shown In Fig. 5(a). The major peaki present are SI and Al a3sociated

with the QJCW arid matnx, respectively. The smaller pealks are from Cuj and Mg In solution.

There are no othir large peako, Indicating the absence of any gross precipitation at the X

Interface. This Is supported by the micrograph In Fig. 1, where there Is some evidence of smal

Cu and Mg-rich precipitatos, but these are fairly scarse. Ths my be compared YV-th the

microstructure din Fig. 4, where considerable ln;rarface prech, taton has occurred duringj aging,

!eadng 4.o the typical EDX spectra shown In Fig. 5(b). The extra peaks are Cu and Mg, which

trun their concontration ratio are con-Mstent with the S-phose, i.e.. the Cu:Mg ratio Is close to

1:1. These observations are srmiar to previous resubt In the literature [17,181. As will be seen

Waer, this Interface precpitaio appears to be responslble for a change In the tensile properties

between the underaged and averaged materials.

3.1.2. Aging Behavior of Unreinforced Alloy

Many of the features discussed above for the AIVSIC, composite appear to occur

In the unreinfoeced alloy. Figure 6 Is a brigt-fleld TEM Image taken after quenching and aging

for 14 hours; that shows a large AM2Cu 2Mn3 Iritermetallc particle (seen frequently In both

matrils) from which helical dislocations have formed. In addtn there are discrete

dislocation loops In the matrix somne of which may have forme by toe continued condensation

of vacancies onto screw dislocations. However, ottw loops are much larger than would be

expected from this mechasm, and were probably f1ormed by condensation of vacancies

directly int loops In the matri [373. The disocatio denaly of the unreinforced material was

much lowe than that of the composit materal atihough no quantillaton has been atttd

duje to the heterogeneousi dislocation istibutions In both cases. Du*Vn subsequent agIng

thee was once son hefteogeneous precipitlation d S'-phase at Vie dislocations, as was seon

for the composite. There was also precipiation of presumably S phase at Vhe

'.tennsillU"Iet InsrlISCee
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3.2 T.*ns~le Tests

The tunsile results for all the materials are pio.ted In Fig. 7, which shows true

stress versus true plastic strain. The plastic portion of the strain was determined by subtracting

the easdc ccmponent. wh,'ch was obtainod by fitting a straight lie to the linear pation of tho

orlgl;-.;d strassistrain curves. The plastic ductility was obtained by measuing the plastic

extension at mnaximumn load (plastic instablity). Analysis of the tensile data are not complete,

hut the tolk,'Mr.g prellminary conclusions can be drawn.

For the un reinforced 2124 tested at 0. 1 M~a. the IJ.T.S. and plastic ductffity of t'e

underagea and overaged material appear to be nearl Identical; the averaged material wuek

hardensa a little more, and has abot 20/ less plasti strain at Instability. This is consistent with

previous results [10] and supports the rational used in designing th* experiments performed In

tWis study. whare 4 am' 14 hour heat treetments (or 2 and 8 hour in the reinforced material)

were used to give identical mctrl' properties

The addition of SIC whlskers to the materWa produiced a dramatic Increase I

U.T.S. and work hardening rate, but as expectsd a sgnffkcant decreese In the ductility. For the

composite materiaLs the most' mportant feature to niote Is that the underaged material exhibbits

both a graeter U.T.S. and ductility tan the averaged composit Whn tesfod at 0.1IPa

(approximately 680 MPa and 5% piac strain vs& B4OMPa and 3% plastic strain). Fuithferr.u

tasting under W89Pa hydrostatic pressure did not signilcantly aflect the tensile behavior of

eihrthe underaged or ovemaged composite meterals wilth only about an Increase of I1% I the

plat strain. Ir thes discussion which follows these results wIN be conmpmd with the

,niceostruckwal Information to provide an overal picture of dellormation In the AVCcopost
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3.3. Deformation-Inducad Microstructures

After 31' defcrmation both the underaged and overaged reinforced and

unreiniorced materials have considerable dislocation tangles In the matzlx. Those can be

distinguished from the disiocatons present prior to detormatdon since all the dislocationas present

prior to aging are decorated with precitates. A detailed anatysis of these dislocations has not

been attempted due to the excessive strain contrast asociated wth the dense S' precipitates,

however, there was no evidenice of planar sip In any of the microstrctures.

Several other featutes were Introduced Into the over. god composIte during

deformatior. None of these were present In the undetormed materiel. The most common form

of damage was 4racking o1 SIC whisker* In a direction perperdicular to their long axis, iLe.,

along a (II1{.ll plane. Figure 8 shows one of these cracked whiskers together with an

adjacent Intermealil AI2OCu2Mg3 particle which has lso cracked. Note that there is no matrix

failure associated with the cracked paricles. Furiheminore, the separation at the SIC whiske Is

greater fthn that at the lnterfnstailic, Indlcatig that ft acture first.

Otha setures are also Introduced during deforaion, but they are much less

common. F1ur 9 shows decohesion at t AMeSCw Intrlae. This "my have oocured as a

result of the sight wlsalignnant of Mhe wWsiwe with respect to t tensile axis- The SIC side of M

the opening appears relatively clean; what evidence there Is of precipitation (arraws) oocws on

the akvninum side Indicating tha decotilon has occured between the SIC and S phase rathe

than between the Al and the S preciplits.

Other feaures that were apparent aft debomation were vois associated with

the ends of SIC whiskers, as rupouiso previously 117.1&,22,231. An Irnportat feature was tt

many of these voids wow liormed In the constrained regions between wacer* whiskers, as

shown I FWg 10. Other voids were asociated with apparently Wouted whiskers, as sem In

Fig. 11, but t migi be a reslt of setoigdurin M-1101c~ preparation wher an soment
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whlskor either above or below has been removed. Note the highly faeted nature of the voids in

both Figs. 10 and 11; the reason for this Is not known.

Microstructura analysis of the underaged composite revealed much less damage

when compared with the overaged composite. There were far fewer cracked SIC paricles, ana

no evidence was found for the formation ot voids or of Interface decohesion after 3% strain. As

wi.1 be discussed below, this appears to be due to a change In the intirfacia characteristics

bostween the underaged ar'd overaged composite.
0

4. DISCUSSION

4.1. Tensile Data

As pointed out In the results scctlon, analysis of the tensile data Is riot yet

complete. However, by compeing these results with the nrcrostnjcbaral observations made

using TEM, some interesting -,oncluslons can be reached regarding the role of the Interface on

the composite properties.

The mason for the various he"t treatments used In No study was to produce

matries with the same hardness despite having dtfferent microsbuctures. As seen from fhe

tensile data for the unreinf,'ced 2124 aoy, very similar yield strengths and ducltes occur for

the two aging mrnes used. Based on the available studes In the Ierture [8-14, t seems

resonable to conclude tht the moair eet of t reinforcement on the agehadenin response

of the mtrix is o Mr the precuittn kinetics of the age-hdening phase.

As shown eaier In Fig. 7, the tnile curves for te rskWorced matedl after

aging for 2 and 8 hours exhibit diferent chrachnlscs the overaged composite having a lower

U.TS. wn ducllty thn the deraged composift. This behavior amn be explined by relng t

b te vceuucm obsevatin FWty. during af of th cc posite tho Is copious S-

- precpfton d do AVIC htefc. Secondly. fthe moatruim of ft oveagad
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conp~sita after 3)%Y strain shows slgr~icant~ly more cracking of the SIC whiskers cc-apared with

the underagod composite. Assuming that the ma~rces do indeed have the same tensile

characerstl.-s, the d~ffaren'es In tensile )ehaV.or can therefore be attzibuted to the S-phase

precipitation.

There are two possble explanat!ons for how the S phas-e caused Garfler factuiS

of SICW In the averaged composite. The most likely Is that S-phaso precipitation at the Interface

causas increased load transfer to the SIC wNsIkers, causing them to fracture at lower strains.

This Idea that precipitation can alter load transfer to the reinforce.ment particles has been

previosl suggested In composites reinforced with different particle& 1411. If this Is the cas,

the elastic modulus of the overaged composifte should be greater than that for the undenaged

mateil. The magnitude of this elastic modulus has been estimated from the true-stressiftrue-

strain data. Although fitting a straight Mle to the elastc par: of the gtSss/strln curve Is not an

accurate way of determining the elastic modukis, there does appear to be about a 5%9 Incisase

In modxuhus of the overaged composite compared with the underaged material. ThIs would seem

to suppout the Idea of Increased load transfer due to S-phase precipitation, although an accurate

measurement of elastic modulus In the two matals Is necessary to confium III&s

The alternative explanatio for ealier cracking of SIC. In the averaged

composite Is that precipitation at the kIterfae causes an extra tensile strain to be intdwce

into the SIC, and tha this Dresluar strain causes the SIC to crack at a lower applied tensle

stress. The exact nature of the stress whc night be Itoduced by thlis preciplaon has not

been determnIned, being dependent or. the otentation rettonship between the SIC and the

ortorhom~bic S phase and the volume expansion associated with the precipiates. No

experimental evidence has yet been found to support this argumnt. In e~he case, the

precipitation produces a lower ductility and i*Imat tensiles stva since the composite with the

cracd fibers Is unabe to suooceefuy cny the applied loads, Poan to prematur 110"i of

Oie tensile spedriens.
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4.2. Hydrostatic Prez;ure

Another aspect of is Investigation was t ipplcation of hydrostatic pressure

duing tensile testing In an aternpt to Increase the plastic ductility In the --ornposites by

suppressing void growth and coalescence. The tersile rPsuUs clealy show that in this paiticular 1
comp osite it Is not posslbia to suppress void nuclealion and growth, and that f3flure o;;cur'; at

almost the same strain at 689MPa as at roomn pressure. This Indicates that falure occurs in a

highly I'alazed manner such '.Pat very little void growth and coalecence s.,- requied and that

the governing factor in failure is the void nucleation stage. As Mentioned above, whisker

cracking Is fth most common feature Introduced at 3% strain, and It is likely that ths leads to

early failure In the overaged composite. Such cracking could be avoided by using a fiber wh'1,h

can accommodate some deformation along Its axis and/or by weakening the interfacial bond. In

addition, voldb, are also generated In the constrained reg'ons between adjacent whiskr at

whisker ends, producing essentially the same tipe of defect In the matrix as that produced by

cracking of fth whiskers This could also be rosponsible for the "ac of an Increase In ductility

as a result of testing undier hydrostatic pressure.

Therefoe, the results fromn ti Investigation point to whisker craclJng and void

nucleation In the constrained regions between adjacent whiskers as major factors influencing

the lack of tensile ductit In this particular composite. Reduced precipitation at the AVSCW

interface (I.e., a weaker Interface) Ircnases both the U.T.S. and ductiliy, and elmlitnation of

clusteftg of the reiforcemenit would help tD prevent void formatin, and may also Improve the

tensile prapertes

5CONCLUSIONS

Owing aging of a 21 24/SC. composite extsnulve S-phase precIpitatlion occurs at

Vi ait/eorcm Interface. This precipliton is responeble for piroducing sigifianty

illren m eial p operties during teI*le eting of undsraged and averaged composite
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Y-,-h the same matlx propoutles by Increasing load bansfer to the SIC w.

Tensile testing under hydrostatic pressure does not dramatically alter the plastic

ductility of tlW composite, Indicatlng that failure Is very localized.

Suppression of voids In the m'crostructure, and hence Increasqd plastic ductility

of the composite could be produced by the following methods; Q) altering the processing

condtlons to reduce whisler clustering and hence elmirate void formation in the constrained

regions between adjacent SIC whiskers, 01) adjusting the heat treatment to give less S-phase

precipitation and thus a weaker Interfacial bond and less SiC whisker cracking, end (9I) using a

reinforcement capable of withstadng greater loads along Its tensile axi.
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FIGURE CAPTIONS

Figure 1. Weak-beam dark-field TEM mage of 21 24/SICW after cquenching froc:!*~ sobutorlzng

temp~orature. The be"ca dsoatons (H) and ilocations generated from the whisker ends are

arrowed; g/3g -[11J

Figure 2. Bright-fleid TEM Image of 2124iS1C, quenched and aged for 2 hours showing

clslocatons dcocorated with small preclpitates (affowed).

Figure 3. (a) Bdght-flW TEM Image of 21 24MSC, after agn gfor 8 hours, and (b) centered

dark-field TEM Image taken using a precipitate refiscton (arrow) showing 8V precip~tation

completely decorating the prior dlocatlns The difrction pattern corresponds to 11 0O1V

Figure 4. Bight-field TEM Image of 2124/SiCw aged 1or 8 hours showing extensive, coarse

precipitation (arrowe9d) at the AVSIC; Interface.

Figure &. Typical EDX specftr collected from the AVSIC, Interface. (a) As quenched. (b) Aged

for 8 hours.

Figure 6& Brft-fel TEM Image of 2124 quenched and aged Wo 8 hours at 177C showin

dulocalkonloop (L) kfat In the m@Mrx and helft bomelon (H) at a coarse k~sveletl

particle (1).

Figure 7. Tensile da for fte (a) underaged, and (b) overaged rinfdo ed and wminfoue

maisrials faded at room pressure and al 689 Wa hymaai pressre,

Ripm & Bdgt4eld TEM hIae, of 2124/SIC,, aged for S hours and debmed 3% under

SUMPa hydrosloic press"m douig cracked SIC wMeke and cmolwid kitmata3m The

Iens I aids Is hIdleatd ()
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Figure 9. BuIght-treld TEM Image of 2124/SICw aged for 8 hours and deformed 3% under

689MPa hydrc'statc pressure showing decoheslon at the ALSIC, Interface. The tensile axds Is

Indicated (1 and S precipitates at the Interface are distinguished by arfows.

Figure 10. Bright-fleld TEM lma3ge of 214isicw aged for 8 hours and deformed 3% under

8&MPa hydrostat~c pressure showing void fermaton In the constrained region betwe3n

ad,1acent SiC whiskers. The tensile axis Is Indicated (1).

Figure 11. Bright-field TEM Image of 2124/SIC, aged for 8 hours and deformned 30/ under

689MPa hydrostalic pressure showing void formation at apparently Isolated SIC whiskers. The

tensile axis Is marlted (1.
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